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Informe final de investigaéién

1. Ficha del proyecto

1.

[$11

Titulo: “Modelos de Unificacién de Interacciones Fundamentales basados en el
Grupo de Simetria SU(3). ® SU4), ® U(1)x”.

Cédigo DIME: 030802739.

. Facultad: Ciencias.

Investigador Principal: Luis Alberto Sanchez Duque. Intesidad horaria: 10
horas/semana.

. Monitor Académico de investigacién: Felipe Andrés Pérez Valencia, Carnet

199906863, estudiante de Ingenieria Fisica.

. Fecha de inicio: Enero de 2004.

Fecha de terminacidon: Enero de 2005.

2. Descripcion de proyecto

2.1. Resumen ejecutivo de la idea central

En el presente proyecto se propone la identificacién y construccién de modelos de unifi-
cacién de interacciones fuertes y electro-débiles usando el grupo de simetria gauge
SU@3).®SUM4)L ®U(1)x, en los cuales: (a) no existan particulas con cargas eléctricas
exdticas ni en el sector de bosones de gauge ni en el sector fermidnico, con el objeto
de simplificar la fenomenologia, y (b) se satisfaga la condicién de libertad de anomalias
quirales, con el objeto de que los modelos sean renormalizables (que los efectos cuanticos
sean calculables). Se pretende ademés estudiar las implicaciones fenomenolégicas de por
lo menos uno de los modelos identificados con el objeto de contrastarlo con los datos
experimentales para determinar cual es su viabilidad como modelo realista.
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2.2. Objetivos del proyecto
2.2.1. Objetivo general

Identificacién y construccién de modelos realistas de unificacién de interacciones fuertes
y electro-débiles, basados en el grupo de simetria gauge SU(3). @ SU(4), @ U (1), libres
de anomalias quirales y sin cargas eléctricas exéticas.

2.2.2. Objetivos especificos
1. Estudio del generador de carga eléctrica en la simetria SU(3), @ SU{4), @ U{1)x

para determinar univocamente las condiciones bajo las cuales no se presentan
cargas eléctricas exdticas.

2. Estudio de la estructura de multipletes y de la asignacién de nimeros cuanticos
que dan lugar a modelos libres de anomalfas quirales.

3. Estudio del mecanismo de rompimiento de simetria y de generacién de masas en
por lo menos uno de los modelos para identificar posibles indicios de jerarquias.

4. Estudio de las corrientes cargadas y neutras que permita confrontar por lo menos
uno de los modelos con las cotas experimentales provenientes de la medicién del
ancho de decaimiento del bosn Z° y de la medicién de violacién de paridad atémica
en Cesio. :

3. Resultados directos

3.1. Aportes al conocimiento cientifico

Por primera vez en la literatura cientifica se hizo un estudio sistematico de todos los
posibles modelos sin cargas eléctricas exdticas que pueden construirse con base en la
simetria SU(3), @ SU(4), @ U(1)x y se identificaron seis nuevos modelos, antes no
conocidos, cuatro de los cuales son modelos en los que las anomalias quirales se cancelan
entre las diferentes familias de particulas elementales (modelos de tres familias), mientras
que en dos de ellos esas anomalias se cancelan familia por familia (modelos de una
familia).

Adicionalmente logré mostrarse que dos de los modelos de tres familias son modelos
realistas en dos sentidos: (a) proporcionan un espectro de masas para los fermiones
fundamentales conocidos el cual es consistente con los datos experimentales, y (b) los
calculos de la masa del nuevo bosén de gauge neutro Z% que predicen estos modelos y
de su dngulo de mezcla son consistentes con las cotas experimentales provenientes de las
mediciones del ancho de decaimiento del bosén neutro Z° y de la violacién de paridad
atémica en Cesio.



3.2. Implementacion de Software para investigacion

Se implement$ un software en lenguage C el cual se usé para la confrontacién de las
predicciones de los modelos estudiados con los resultados experimentales, en particular,
con los datos experimentales sobre la masa y el angulo de mezcla del nuevo bosén de
gauge Z'° cuya existencia es predicha por estos modelos.

El programa, el cual se presenta en el anexo 3, llama a una subrutina (optimization.C)
en la cual se usa informacién pertinente de cada modelo y, con el uso de librerias del
CERN (Centro Europeo para la Investigacién Nuclear), se minimiza la funcién x? para
obtener la regién de confianza para la masa y el 4ngulo de mezcla mencionados.

Este software serd 1itil en un futuro para confrontar experimentalmente las predic-
ciones de otros modelos en fisica de particulas elementales.

_4. Resumen ejecutivo de los resultados indirectos

4.1. Formacion de recursos humanos

e Se culminé del trabajo de Grado “Conexiones entre las simetrias de la Relativi-
dad Especial, la Fisica de Particulas Elementales y la Optica” del estudiante de
Ingenieria Fisica y monitor académico de investigacién del proyecto Felipe Andrés
Pérez Valencia, bajo la direccion del investigador principal del presente proyecto.
Este trabajo fue presentado publicamente el 31 de Enero de 2005 y el estudiante
recibié su grado de Ingeniero Fisico el pasado 30 de Marzo.

o El estudiante Pérez Valencia participé activamente en el desarrollo del proyecto
con la implementacién del software que se describié en la seccidon anterior y aparece
como uno de los co-autores en una de las publicaciones que se listan mas adelante.

4.2. Publicaciones

Los resultados de la presente investigacién han sido publicados en dos revistas inter-
nacionales indexadas y de tipo A en la clasificacién de Colciencias. Esas publicaciones
son:

e William A. Ponce, Diego A. Gutiérrez y Luis A. Sdnchez: “SU(3), ® SU(4), ©
U(1)x without exotic electric charges”, Physical Review D69, 055005 (2004).

o Luis A. Sinchez, Felipe A. Pérez y William A. Ponce: “SU(3). @ SU(4), @U(1)x
model for three families”, The European Physical Journal C, 35, 259 (2004).



4
4.3. Cooperacién con otros grupos de investigacion

El presente proyecto de investigacion fue 1itil en el fortalecimiento de la cooperacion con
el Grupo de Fenomenologia de las Interacciones Fundamentales del Instituto de Fisica
de la Universidad de Antioquia; en efecto, dos de los co-autores de las publicaciones:
William Ponce y Diego Gutiérrez, son integrantes de ese grupo de investigacion.

DIFICULTADES

Las mayores dificultad se encontraron tanto en el retraso con el que llegaron los dineros
asignados al proyecto como en la ejecucidn de algunos rubros, lo cual, en ocasiones, se
traduce en retraso en la ejecucién misma del proyecto.



5. Anexos

Se presentan a continuacién los siguientes anexos:

¢ Anexo 1: Resumen del Trabajo de Grado del Estudiante Felipe Andrés Pérez
Valencia.

s Anexo 2: Publicaciones.

s Anexo 3: Software.
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Anexo 1

TRABAJO DE GRADO

Titulo: Conexiones entre las simetrias de la Relatividad Especial, la Fisica de Particulas
Elementales y la Opticas

Presentado por: Felipe Andrés Pérez Valencia.
(como requisito parcial para optar al titulo de Ingeniero Fisico.)

Director: Luis Alberto Sanchez Duque.

Fecha de Sustentacion: Enero 31 de 2005.

Jurado: Profesores William A. Ponce Gutiérrez, Ph.D., Instituto de Fisica de la
Universidad de Antioquia, y Javier Morales Aramburo, M.Sc., Escuela de Fisica Univer-
sidad Nacional - sede Medellin.

Concepto del Jurado: Aprobado con recomendacén de la distinciéon “Meritoria”.

Resumen:

Se hace una descripcién detallada de los grupo de Lorentz y del grupo SL(2,C), vy
se muestra el homomorfismo existente entre ambos grupos y su conexién con los “little
groups” de Wigner, que son los subgrupos méximos del grupo de Lorentz que dejan
invariante el cuadrimomentum p* de una particula. Se estudia ademas la relacién que
existe entre los generadores de traslaciones y las transformaciones gauge para particulas
no masivas, y se muestra la relaciéon entre el generador de rotaciones y la helicidad de esas
particulas en el contexto de la mecanica cuantica relativista. Posteriormente se muestra
el procedimiento para obtener el grupo £ (2) de transformaciones en el plano euclidi-
ano a partir del grupo O (3) de rotaciones en tres dimensiones, llamado contraccién de
Inonu-Wigner, y se utiliza este mismo procedimiento para contraer O (3) como little
group a £ (2) como little group. Finalmente se estudia un ejemplo concreto de cémo
un sistema de una lente inmersa en aire puede describirse a través de una matriz que
se puede escribir mediante dos transformaciones de similaridad por medio de transfor-
maciones de Lorentz, una para particulas masivas y ofra para particulas no masivas.

En las dos paginas siguientes se presentan fotocopias de la portada y del indice del
trabajo de grado, asi como del acta de sustentacién del mismo.
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Trabajo Dirigido de Grado

presentado por
Felipe Andrés Pérez Valencia

ala

Facultad de Ciencias

como requisito parcial

para optar al titulo

Ingeniero Fisico
Trabajo Dirigido por
Luis Alberto Sanchez Duque

Universidad Nacional de Colombia

Sede Medellin

Qctubre 2004

xAL BE COLOMBIA

\il)l!L!‘*\
ug FTECAS
be"!)’&m“ﬁ BEET GOMEZ

FINIVERSIDADR




e,

H

3

LH

f

St

~d

Q

)

—u}

Elgrupode Lorentz. ...
Homomor smoentre el grupo SL(2,C) v ¢ grupo L_T,_ ............... 5
Los “littde groups™ de WIgNer 33

B T B 172 R N T
fraslaciones y transformaciones pa

Rotaciones y helicidad de particulas. oo

Unejemploconcreto: Sistemade una tenie oL 6.

H

Iracanuento matematico de los "l ¢

vil



Yoo

} i

UNIVERSHA L N/ ot L o g b/

! |
Stedh M et ] , ) B
P i b 200
REGEITRU D GAd 2 00 s 1 ukl GIALY [, | : X
¢ / | SEM | ANO ]§

CESCUELA DE- FiSion CHHABILITACION

CPROFECOR:  LUIS ALDERTO SANC HEZ DUCUE S o

iAASiGNAIUf\i\ TiEEAIO DIRIGILG 1 ‘c,om( O | GRUPO HVALIDACIOH
|50 ,{,J )4(" (: j OC i

HSUPLETORIOE

HHCORRECCION

NCIDENT APELLIDOS Y NOMBRES COMPLETOS DEL ESTUDIANTE], % | DEFINITIVA

71381846 _PEREZ VALENCIA ANDRES FELIPE 100
Titulo  "CONEXIONES ENTRE LAS  SIMETRIAS  DE LA
RELATIVIDAD  ESPECIAL, LA FISICA DE  PARTICULAS
FLEMENTALES Y LA OPTICA

N .f_‘:_'.-.,,_,._fﬂ,;“JAWER MORALES ARAMBURG = o e
L Egcuela de Fisica o Ap1 obado poz el F()Jmejo_ de Ja lacultad de

~Wniversinad Nacional Sede Medellin~—— Cienci gf_gmggg__j__d_%1_eeb~1_‘__ejuzqujge;_g_(zgi Acta !~ 03
§

J .. durado

B(/dll iz f’]e:m ‘Correéa Restrepo
Secreraria Academita

WILLIAMPONGE = 7= e e
- } _iinstivto de Fisica . N -

_Universidad de An' quic

o _ Jurado ) : : .
N U S S

OBSERVACIONES: SE SUSTENTO EL DI _UNES 21 DE ENERCG DE 2005, A LAS 1000 HORAS EN EL
AULA 21-420

/ f‘ff oMe nel 9/?mf (/)i’)fif Y 7/ ﬁ’&’?‘z/ﬁzg N

4 / ™ !
A’U\/\ m!\ Vatio <(JC(}&L{{7{{ ﬁf} t\* /a ;(f '{f/? 3

FlRf\%fA DEL P "OFFQOR coommmor hOGR/‘ MAS CURRICULARES
ESCUELA DE FISIGA




Anexo 2

PUBLICACIONES



PHYSICAL REVIEW D 69, 055007 (2004)

SU(3),®SU(4),®U(1)y without exotic electric charges

William A. Ponce and Diego A. Gutiérrez
Instituto de Fisica, Universidad de Antioquia, A.A. 1226, Medellin, Colombia

Luis A. Sanchez
Escueln de Fisica, Universidad Nacional de Colombia, A.A. 3840, Medellin, Colombia
(Received 10 December 2003; published 31 March 2004)

We present an extension of the standard model to the local gauge group SU{(3).@8U{(4),®U(1)x with a
family nonuniversal treatment and anomalies canceled among the three families in a nontrivial fashion. The
mass scales, the gauge boson masses, and the masses for the spin 1/2 particles in the model are analyzed. The
neutral currents coupled to all neutral vector bosons in the model are studied, and particular values of the
parameters are used in order to simplify the mixing between the three neutral currents present in the theory,
mixing which is further constrained by experimental results from the CERN LEP, SLAC Linear Collider, and

atomic parity violation.

DOEL: 10.1103/PhysRevD.69.055007

L INTRODUCTION

In spite of the overwhelming phenomenological success
of the standard model (SM) based on the local gauge group
SU3).®SU(2),®@U(1)y, with SU(2),®U(1)y hidden
and SU(3), confined [1], it fails to explain several issues
such as hierarchical fermion masses and mixing angles,
charge quantization, strong CP violation, replication of fami-
lies and neutrino oscillations among others. For example, in
the weak basis, before symmetry is broken, the three families
in the SM are identical to each other; when symmetry break-
ing takes place, the fermions get masses according to their
experimental values and the three families acquire a strong
hierarchy. However in the SM there is no mechanism for
explaining the origin of families or the fermion mass spec-
trum.

These drawbacks of the SM have led to a strong belief
that the model is still incomplete and that it must be regarded
as a low-energy effective field theory originating from a
more fundamental one. That belief lies on strong conceptual
indications for physics beyond the SM which have produced
a variety of theoretically well motivated extensions of the
model: left-right symmetry, grand unification, supersymme-
iry, superstring inspired extensions, etc. {2].

At present the only experimental fact that points toward a
beyond the SM structure lies in the neutrino sector, and even
there the results are not final yet. So a reasonable approach is
to depart from the SM as little as possible, allowing some
room for neutrino oscillations [3].

SU(4),®@U(1)x as a flavor group has been considered
before in the literature [4,5], and, among its best features,
provides an alternative to the problem of the number N, of
families, in the sense that anomaly cancellation is achieved
when N¥,=N,=3, N, being the number of colors of SU(3),
{also known as QCD). In addition, this gauge structure has
been used recently in order to implement the so-called little
Higgs mechanism [5].

In this paper an analysis of the SU(3).®S5U(4),
®U(1)y local gauge theory (hereafter the 3-4-1 theory)

0556-2821/2004/69(5)/055007(10)/$22.50
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shows that, by restricting the fermion field representations to
particles without exotic electric Tharges and by paying due
attention to anomaly cancellation, a few different models are
obtained, while by relaxing the condition of the nonexistence
of exotic electric charges, an infinite number of models can
be generated.

This paper is organized as follows. In the next section we
introduce the model based on the local gauge group
SU@3).®5U(4),®©U(1)x which we are going to study. In
Sec. IIl we describe the scalar sector needed to break the
symumetry and 0 produce masses to the fermion fields in the
model. In Sec. IV we study the gauge boson sector paying
special attention to the neutral currents present in the model
and their mixing. In Sec. V we analyze the fermion mass
spectrum. In Sec. VI we use experimental results in order to
constrain the mixing angle between two of the neutral cur-
rents and the mass scale of the new neutral gauge bosons. In
the last section we summarize the model and state our con-
clusions. At the end an Appendix is presented in which we
make a systematic analysis of the 3-4-1 symmetry and obtain
general conditions to have anomaly free models without ex-
otic electric charges.

II. THE FERMION CONTENT OF THE MODEL

In what follows we assume that the electroweak gauge
group is SU(4) ® U(1)x which contains SU(2) @ U(l)y
as a subgroup, with a nonuniversal hypercharge X in the
quark sector, which in tumn implies anomaly cancellation
among the families in a nontrivial fashion. We also assume
that the left-handed quarks (color triplets) and left-handed
leptons {color singlets) transform either under the 4 or 4
fundamental representations of SU(4),, and that as in the
SM, SU(3), is vectorlike.

With the former assumptions we look for the simplest
structure in such a way that, not only it does not contain

- fields with exotic electric charges, but also that charged ex-

otic leptons are absent from the anomaly-free spectrum. Ac-
cording to the Appendix there is only one model (model A)
satisfying all those constraints, for which the electric charge

©2004 The American Physical Society
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operator is given by Q=T3L+(1f\/§)T8L+(1/\/€)T1x
+ X1y, with the following fermion structure:

ua
d, .
Qo= D, Uar dﬁL Dy D;Z
D/,
[34,~ 5] B.,-3 B Bl B3]
d,
“1 ¢ (o
Q= U, dy, uiy 1L Uir
¥
1
[3’1’15_2 [3’17%] [3’11-%] [371’—%] [3!17"%]
€
I’Jet.'t
+
LQ,LM IV“; ea
0
N
al
[1IZ?_%] [1’1!1]

where a=2,3 and a=1,2,3 are two and three family in-
dexes, respectively. The numbers in parentheses refer to the
[SU3)¢.,SU4),,U(1)x] quantum numbers, respectively.
Notice that if needed, the lepton structure of the model can
be augmented with an undetermined number of neutral Weyl
singlet states N‘,{_,,~[1,1,0], 'b=1,2,..., without viclating
our assumptions, neither the anomaly constraint relations,
because singlets with no X charges are as good as not being
present as far as anomaly cancellation is concemed.

. THE SCALAR SECTOR

Our aim is to break the symmetry following the pattern

SU(3),85U(4),U(1)x—SU(3),05U(3),0U(1)x
- SU(3),®5U(2),@U(1)y
—SU3).0U(1)y,

where SU(3).®5U(3),QU(1)y refers to the so-called
3-3-1 structure introduced in Ref. [6]. At the same time we
want to give masses to the fermion fields in the model. With
this in mind we introduce the following three Higgs scalars:
$[1,4,—3/4] with a vacuum expectation value (VEV)
aligned in the direction (¢)=(v,0,0,007; &,[1.4,—1/4]
with a VEV aligned as {¢,)=(0,0,V,0)" and #5[17,
— 1/4] with a VEV aligned as {¢5)=(0,0,0,V")7, with the
hierarchy V~V'®yp~174 GeV (the electroweak breaking
scale).

PHYSICAL REVIEW D 69, 055007 (2004)

IV. THE GAUGE BOSON SECTOR

In the model there are a total of 24 gauge bosons: One
gauge field B# associated with U(1)y, the 8 gluon fields
associated with SU(3), which remain massless after break-
ing the symmetry, and another 15 gauge fields associated
with SU(4); which we may write as

DY wts Xt
w-« p& KO 0w

1)\ “ 1
M

N I S <L T sl

X TH ‘)?O;x }70;{. Dg

where DE=A%\Z+AM J6+A%I 12, DY=—A%I\2
+ALIJ6+AY 12, DE=-24%5/J6+A%/12, and D%
=-3A%/12.

After breaking the symmetry with (@) + (@2)+{¢3) and
using for the covariant derivative for 4-plets iD#=jg#
—(gI2)N A%~ g’ XB*, where g7and g’ are the SU(4), and
U(l)y gauge coupling constants, respectively, we get the
following mass terms for the charged gauge bosons: M fV:
=(g*2)v? as in the SM, My.=(g*2)(w+V?), M-
=(gMWHV'Y), Moz, =(82VE My,
=(g¥2)V'? and Mg 30,=(8YD(V?+ VD). Since W*
does not mix with K= or with X~ we have that v= 174 GeV
as in the SM.

For the four neutral gauge bosons we get mass terms of
the form

2 - 2
2 TRE 2AE ARNT i CECY LA
YRR V] - S NSt ) PPVEE) S
2 2g \/'j' J6 2z J6
2
AE Ak 3g'8*‘)
+ul| A=+ —=—
T

M is a 4 X4 matrix with a zero eigenvalue corresponding
to the photon. Once the photon field has been identified, we
remain with a 3X3 mass matrix for three neutral gauge
bosons Z#, Z'# and Z"# Since we are interested now in the
low energy phenomenology of our model, we can choose V
=V’ in order to simplify matters. For this particular case the
field Z"#=A%/\3 — J2/3A%; decouples from the other two
and acquires a squared mass (g%/2) V. By diagonalizing the
remaining 2 X2 mass matrix we get the other two physical
neutral gauge bosons which are defined through the mixing
angle 6 between Z,,, Z,:

Z{=2Z,cos 0+Z,sin b,
Zh=—2Z,sin 0+Z, cos 0,

where

055007-2
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2\/5CW \[ ’1‘5 TW
tan(2 6) = — . Z'E= | H{1=TE2)'?| Al +—=| - —=B* (2)
2V2 2 W Ji V2
Vi+26° 1+-—2~c;,———2-cfv
U 1+2&
with §=g'/(2g) Sw=28/V65*+1 and Cy are the sine and cosine of the

' . lectroweak mixing angle respectively, and Ty=Sy/Cy.
T t da# € =4 o w witw
he photon field A% and the fields Z,, and Zy are given by We can also identify the Y hypercharge associated with the

Tw At SM Abelian gauge boson as
AF=SyAS+Cy 5 Ak + 7 +(1=TE2)\ 2B,
TW A% )
T A YE=|—| Af+ —=| +{1—Ty/2)'B*|. 3
Z*“=sz4§‘—5w{% A§‘+—\7—;—5)+(1—T A2)12gH ) B f ( w/2) @)

A. Charged currents
After some algebra, the Hamiltonian for the charged currents can be written as -

/3 3
HC=—= [W:UZ gy “daz,)“"u,‘)’“‘fu, (2 eaL?’“e;,))

3 3
+K ((E LY*Dar | —Uyy*dyy ( 2 Ny eaL)
\ a=2 a=1
{13 3
+X:k ( 22 EaLY“DaL) _U,lLypdlL—'( Ex N'oLy eaL) )
a= a=
3 [ 3
+K, ( X dar¥*Dar —f/m?'““m“k 21 N?:LY‘“"mL))
a= a=
3 /3
+X3, ( 2 day D::L) "U'IL’Y““iL"‘k Z] N’%L'}’“l’eaL))
a=2 o=
3
+Y?,,( (22 5aL‘Y”’D;L) —U’m“U{r(ZJI N'ZLY"N«LJ +Hec. )

B. Neutral currents

The neutral currents J,(EM), J A(.Z}, J (2"}, and J ,(Z") associated with the Hamiltonian

HO= AR (EM)+(/C)ZH] (2)+ (8 INZYZ'HI (Z") +(g12)Z"#] (Z")

3
p.{EM)"_((z n')’p,ua)+§17@“1+UI')’FUI+U,1'}’#U;)

a=2

—

/3
( k E ayuda+ﬁa7pDa+D,apr;) +d1'yud1) -

=§ GiFyufs
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J(2y=1,,(Z)~ S} (EM),

J (2 =Tyl (EM)~J, (Z"),

3
J”_(Z") =a§=:2 €’5,al, )’pD.;L— DaLpraL)

+(“ EVI&Y;,LUIL-F glLyp,UlL)

+z( =N YN a0+ N v, N, 5)

where e=gSy=g Cyl —TZW!2>O is the electric charge,
qr is the electric charge of the fermion f in units of ¢ and
J(EM) is the electromagnetic current. Notice that the Z;’L
current couples only to exotic fields. The left-handed cur-

rents are

3

fﬂ,L(a—— E

ELYA al ™ dQL‘)’[L aL)
=(dyyudi— UL Y ultr)

3
- g‘ (Q;LY#Q;L“ z_”em'. Yp.yeaL)}

"‘"'; TaffLvufL

3
_ 1. lw,.._,_ , }
22 (“aL’Y;zuaL" §D0L}’uDaL— '2_‘9 aL'}’,uDaLl

1_ 1 ,
=dy Y. dit §U1L?,uU1L+ §U'1L?’pU1L

l
+2( CorYulart NOL}/# 0L+ 2N Ly;l-N’"LOH

=%: TyfLYufis (6

where T4f= Dg(1/2,—1/2,0,0) is the third component of the
weak  isospin  and T4f—(l/Tw)Dg(l 0, 1/2,— 1/2)
=(UT w32+ \g//3+\5//6) is a convenient 4X 4 di-
agonal matrix, acting both of them on the representation 4 of
SU(4), . Notice that J,(Z) is just the generalization of the
neutral current present in the SM. This allows us to identify
Z,, as the neutral gauge boson of the SM, which is consistent
with Egs. (2) and (3).

The couplings of the mass eigenstates Z{ and Z% are
given by
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T CW 2 Z*‘E {Frdan(H)(1=7vs)
+a ({1 +v5)1f}

T Z 2t2 {FrulsNiv=s(Nurslft.
wi

where

g'sin 8Cy

ay(f)=cos 8(Ty—qsS% v)+ ———=— (T~ q/Tw)
g2

(F)=—q;S ( R AL 6)
aiglJ)= " qpow| COS oy

oW Y g\/‘

. PR "cos 8Cy
aZL(.f)=—Sm8(T4f_Q/Sw)+—ﬁ_—(y‘.{f QfTW)
. g'cosd
a2r(f)=qpSw| sin 6Sw— %) (M
4

and

!

§(NHv=cos O(Tyy~ 2SW‘If)+ g\/~ (T4fcw 2q5Sw),

&{f)ay=—sin Q(T-af_zs%v‘?f)

(1 C v 2 S )
,’ 4 ¥ q 134

N 6T +___g’sinc?T, C
BU 1A= COS ULy afCws
V2 Y

€O
- Siﬁ 9T4f+ g T4}cCW (8)

gf

The values of gy, g4 with i=
and IL.

As we can see, in the limit =0 the couplings of Z{ to
the ordinary leptons and quarks are the same as in the SM;
due to this we can test the new physics beyond the SM pre-
dicted by this particular model.

g(f)aa=

1,2 are listed in Tables I

V. FERMION MASSES

The Higgs scalars introduced in Sec. III not only break
the symmetry in an appropriate way, but produce the follow-
ing mass terms for the fermions of the model.

A. Quark masses

For the quark sector we can write the following Yukawa
terms:
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TABLE L. The Z¥—ff couplings.

f gy 8 a
482\ sin 6 A
23 cos 6 ,{%— —= J + j—— L cos 6 +sin 8C3/(3C%,— 1)1
\ (3C3,—1)1?
2
da3 —§+-—31V cos 0 +}%sin 55/(3Ck~1)7 —3cos b
2% 7Sy _ )
Dy - cos 6—1sin 9(1——)/(302 12 — ¥ sin 6CH/(3CE,— 1)
. 282, 1S5
Dy - cos 6—1sin 6(1-— ——)/(36‘2 )2 } sin 6C3/(3CE~1)1?
252, 58% .
d (-%%- 5| cos f—sin 6(1——)/{36’2 n ~ 1 cos f—sin %%1(3639*_1)12
45‘,,) 4sinf .
#y cos 5('—*—' e G, 3 cosé
37 3@c-n\”?
4S3,cos @ . -
U, ——“’3— +sin 8(1—ES2)[2(3CE,~1)'7] Clsin 6/[2(3C%,— 1)V
, 482, cos @ ) . )
Ui . s +sin (1" S2I2(BCE~ 1) Csin 8/[2(3CE,—1)'7]
€123 cos f —%+ZS§,,-——-—-—“-—-———(1~3S ) _ cos 6_ sin & 2
(€lor el Ve 2 GC,~1)”
V123 fcosd L cos b
M Chsin 6/12(3C3—1)'?] C%sin 0/[2(3C%,— 1))
N;%,J C2W5m 9/[2(3C%y" 1)1/2] C%VSiI] 0/[2(3(:%‘/_ 1)1[?]

3 3
C?=;2 QZLC{ T(El

RS ul, +hSUS+hY U;C)

+ (2t ¢3)

3 3
Zx hiddfo'*'bZ? (hypD§ +hipDLT ]}
3 3
+Q:{LC{ ‘ff’{ 21 hyads, + 22'(*;’3;9;32;.'*‘;‘;99;2 }
a= a=

+H(#T+¢7) +He.

3
> kbl +RLUSHRY U}'f)
a=1

where the #'s are Yukawa couplings and C is the charge
conjugate operator. This Lagrangian produces the following
tree level quark masses:

U{,D and D} acquire heavy masses of the order of V'
v,

Uy,Dy and Dy acquire heavy masses of the order of V
2y,

usy,uy and d;
=174 GeV.

uy,d, and d3 remain massless at the tree level.

acquire masses of the order of v

The former mass spectrum is far from being realistic, but
it can be itmproved by implementing the following program:

To introduce a discrete symmetry in order to avoid a tree-
level mass for ¢ (and maybe for u, t00).

To introduce a new Higgs field ¢4[ 1,4, — 1/4] which does
not acquire VEV but that introduces a quartic coupling
& dab3 b4 in the Higgs potential in order to generate radia-
tive masses for the ordinary quarks.

To tune the Yukawa couplings in order to obtain the cor-
rect mixing between flavors {ordinary and exotic) with the
same electric charge.

B. Lepton masses

For the charged leptons we have the following Yukawa
terms:

3 3
zgl ;Zx hépLL Crep +He. (9)

Notice that for /%, «s=h 8.5 we get a mass only for the heavi-
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TABLE IL. The Z4—ff couplings.

f (v 8(f2a
4S%V) cos & ( 753,,)
Uz ~sin 9(1—-—— ]~ — ~ 4 sin 6+ cos 8CLI(3CL—1)'?
2 3 (3C—;’V—‘l)l[2\ 3 K W ( W
253 i
d23 (%— %)sin 0+% cos 855/(3CE,~1)'"? tsing
252 75% ,
D3 - —3-‘-" sin -1 cos @ ( 1- —%”)1(3(:%,—- 1)i2 —} cos 0CH/(B3CH— D'
2 2
Dy ~Zsin6-1 cos 9(1 - 3“’)1*(3(:%,,— 12 -1 cos CLI(3CE~ D
4
252 555 ,
d, (%— —‘z\sin 6— cos 0 ( 1~ ——”—")/(36%,— )2  sin 6 — cos 6 CR/(3C—1)'?
Vo3 3
483\ 4 cos@
u —sin 1~~——}—————-———~—SZ —~5sin @
1 2 3 3(36%1;__1)1,2 w 2
4Sysin 6 U2 2 1 2 _ 12
Uy 3 +cos 8(1—5S2(3Cy—1)"4] C cos 2(3CH— 1]
, 482sin @
U w7 4 cos 6(1—- 43233~ 1) C% cos 012(3C3,— 1))
€123 sin 3 —255)— ————(1-35%) sin@  cosf
. (BC%V_ 1)11’2 w 5 (3(:%‘!_" 1)1/2 W
Y123 ~1sin @ ~%sing
No2a Cycos 0/[2(3C3—1)""] €%, cos 02(3C5~ 1]
Nfz , ¢ cos 9/123CH—1)"*] 2, cos 012(3C%,—1)'2)

est lepton (the 7). So, in the context of this model the masses
- for the charged leptons can be generated in a consistent way,
with the masses for ¢~ and 4~ suppressed by differences of
Yukawa couplings.

“The neutral leptons remain massless as far as we use only
the original fields introduced in Sec. II. But as mentioned
earlier, we may introduce one or more Weyl singlet states
Ng'b, b=1.2,... which may implement the appropriate
reutrino oscillations [3].

VI. CONSTRAINS ON THE (Z*—Z'#) MIXING ANGLE
AND THE Z% MASS

To bound sin 8 and M z, We use parameters measured at

the Z pole from CERN e*e™ collider (LEP), SLAC Linear
Collider (SLC), and atomic parity violation constraints
which are given in Table IIIL.

The expression for the partial decay width for Z{'—f7 is

_ NcGeM3 (33—
F(Z{—ff= 67:'\/52 P{ 523 Le(N)iv])?

+,33[S(f)m]2}(1+5f)REWRQCD, (10)

where fis an ordinary SM fermion, Z¥ is the physical gauge
boson observed at LEP, No-=1 for leptons while for quarks
Ne=3(1+ay/m+ 1.405a%/ w*— 12.77al/ 7), where the 3
is due to color and the factor in parentheses represents the
universal part of the QCD corrections for massless quarks
(for fermion mass effects and further QCD corrections which
are different for vector and axial-vector partial widths see
Ref. [7]); Reyw are the electroweak corrections which include
the leading order QED corrections given by Rpgp=1
+3al(4m). Rycp are further QCD corrections (for a com-
prehensive review see Ref. [8] and references therein), and
B=4/1 -4m§/M %z is a kinematic factor which can be taken

equal to 1 for all the SM fermions except for the bottom
quark. The factor &, contains the one loop vertex contribu-
tion which is negligible for all fermion fields except for the
bottom quark for which the contribution coming from the top
quark at the one loop vertex radiative correction is param-
etrized as 8,~107%[ -mf/(ZM%l)+ 1/5] [9]. The p param-
eter can be expanded as p= | + 8py+ Spy where the oblique
correction dpg is given by Spo=~3G Fm?/(S 772\5), and dpy
is the tree level contribution due to the (Z,—Z;) mixing
which can be parametrized as 5pvm(M§2/M§;l ~ 1)sin?4. Fi-
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TABLE . Experimental data and SM values for the param-
eters.

Experimental SM
results
['2(GeV) 2.4952x0.0023 2.4966+ 0.0016
I'(had) (GeV) 1.7444+0.0020 1.7429+0.0015
Iy (Mev) 83.9840.086 84.019x0.027
R, 20.804=0.050 20.744+0.018
R, 20.785=0.033 20.744+0.018
R, 20.764+0.045 20.790=0.018
R, 0.21664+0.00068 0.21569=0.00016
R, 0.1729=0.0032 0.172300.00007
& —72.65+2028+0.34  —73.10%0.03

Mz (GeV) 91.1872x0.0021 91.1870=0.0021

nally, g(f),v and g(f) ;4 are the coupling constants of the
physical Z{ field with ordinary fermions which are listed in
Table L.

In what follows we are going to use the experimental
values [10]: le“-"91.188 GeV, m,=174.3 GeV, a,myz)

=0.1192, a(mz)~'=127.938, and sin® 8,,=0.2333. The ex-
perimental values are introduced using the definitions R,
=["(77)/T (hadrons) for p=e,u,7,b,c.

As a first result notice from Table I that our model pre-
dicts R,=R, =R, in agreement with the experimental re-
sults in Table III.

The effective weak charge in atomic parity violation, Oy,
can be expressed as a function of the number of protons (Z)
and the number of neutrons (N) in the atomic nucleus in the
form

Ow=—20QZ+Necr+(Z+2Nerg, (1)

where ¢1,=2g(e)148(q)y. The theoretical value for Qy
for the cesium atom is given by [11] Qw(}2°Cs)=-73.09
*0.04+AQy, where the contribution of new physics is in-
cluded in AQy which can be written as [12]

4

AQw= 8PV+AQC0/~ (12)

(14»4 VZ)Z—N
\ I“ZS;V .

The term A Q4 is model dependent and it can be obtained
for our model by using g(e) ;4 and g(g)y from Table I. The
value we obtain is

M3

5

Zy

(13)
The discrepancy between the SM and the experimental
data for AQw is given by [13]

1

AQy=(8.29Z+ 16.14N)sin 6+ (11.64Z+ 14.47N)

AQu=Q4P ~ 03 =1.03+0.44, (14)

which is 2.3 ¢ away from the SM predictions.
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FIG. 1. Contour plot displaying the allowed region for 8 vs Mz,
at 95% C.L.

Introducing the expressions for Z pole observables in Eq.
(10), with AQy in terms of new physics in Eq. (12) and
using experimental data from LEP, SLC and atomic parity
violation (see Table ITI), we do 2 ¥ fit and we find the best
allowed region in the (§—Mz,) plane at 95% confidence

level (C.1.). In Fig. 1 we display this region which gives us
the constraints

—0.0011=6=<0.0019, 2 TeV=Mgy,. (15)

As we can see the mass of the new neutral gauge boson is

compatible with the bound obtained in pp collisions at the
Fermilab Tevatron [14]. From our analysis we can also see
that for |8|—0, M z, peaks at a finite value larger than 100
TeV which still copes with the experimental constraints on
the p parameter.

VII. CONCLUSIONS

We have presented an anomaly-free model based on the
local gauge group SU(3) ®SU(4).®U(1)y. We break the
gauge symmetry down to SU(3).8U(1)g and at the same
time give masses to the fermion fields in the model in a
consistent way by using three different Higgs scalars ¢, i
=1,2,3 which set two different mass scales: V~V'®v
=174 GeV. By using experimental results we bound the
mixing angle 6 between the SM neutral current and a new
one to be —0.0011<<#<<0.0019 and the lowest bound for
Mz, is 2 TeV=Mg,.

Our model includes four exotic down type quarks
D,.,D], a=273 of electric charge —1/3 and two exotic up
quarks U, U] of electric charge 2/3. The six exotic quarks
acquire large masses of the order of V=V'®»v=174 GeV
and are useful in two ways: first they mix with the ordinary
up and down quarks in the three families with a mixing that
can be used in order to produce a consistent mass spectrum
(masses and mixings) for ordinary quarks; second, they can
be used in order to implement the so-called little Higgs
mechanism [5].

Notice also the consistence of our model in the charged
lepton sector. Not only it predicts the correct ratios R, »
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=¢,u,7 in the Z decays, but the model also allows for a
consistent mass pattern of the particles, which do not include
leptons with exotic electric charges.

In the main body of this paper we have analyzed an spe-
cific model based on the 3-4-1 gauge structure. This model is
just one of a large variety of models based on the same gauge
structure. A systematic analysis of models without exotic
electric charges with the same gauge structure is presented in
the Appendix at the end of the paper. A phenomenological
analysis for all those model can be done, but we think it is
not profitable since all of them must produce similar results
at low energies.
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APPENDIX

In what follows we present a systematic analysis of mod-
els without exotic electric charges, based on the local gauge
structure SU(3) . ®SU4), @ U(1)y.

We assume that the electroweak group is SU(4),
QUMxDSU3) @U(1)zDSU2) ®U(1)y, where the
gauge structure SU(3),® U(1)z refers to the one presented
in Ref. [6]. We also assume that the left-handed quarks (color
triplets), left-handed leptons (color singlets) and scalars,

PHYSICAL REVIEW D 69, 055007 (2004)

transform either under the 4 or the 4 fundamental represen-
tations of SU{4),. Two classes of models will be discussed:
one family models where the anomalies cancel in each fam-
ily as in the SM, and family models where the anomalies
cancel by an interplay between the several families. As in the
SM, SU(3), is vectorlike.

The most general expression for the electric charge gen-
erator in SU(4), @ U(1)y is a linear combination of the four
diagonal generators of the gauge group

1 1
Q=aTs +—=bTg + —=cTysy+X14, (A1)

3 3

where T =\;;/2, being \;; the Gell-Mann matrices for
SU(4), normalized as Tr(AA)=238;, I4=Dg(L,L,L,1) is
the diagonal 4 X4 unit matrix, and 4, & and ¢ are free param-
eters to be fixed next. Notice that we can absorb an eventual
coefficient for X in its definition.

If we assume that the usual isospin SU(2), of the SM is
such that SU(2), CSU(4),, then a=1 and we have justa
two-parameter set of models, all of them characterized by the
values of b and c. So, Eq. (Al) allows for an infinite number
of models in the context of the 3-4-1 theory, each one asso-
ciated to particular values of the parameters b and ¢, with
characteristic signatures that make them different from each
other.

There are a total of 24 gauge bosons in the gauge group
under consideration, 15 of them associated with SU(4),
which can be written as

D(l)p, 'W: Kg;«!- nr Xﬁf +h+2¢)6
i)\‘ﬁa:_l_ W Dg“ Kff 1n2 X,(u 3+b+20)6 .
3 # \fi K;(b«x—n(z R—(b-lyz Dg# Y;(b—c)fs f
X;(3+b+2c)l6 X,(s»-b—zc)/a T"Ef’_cm D?m

where  DY=AY/INZ+ARJ6+AY/12, Di=—A%\2
+A§1\/3+A‘{5/\f1_23; DY=—248/\J6+A%/12, and D%

=—3A%/./12. The upper indices in the gauge bosons in the
former expression stand for the electric charge of the corre-
sponding particle, some of them functions of the b and ¢
parameters as they should be. Notice that if we demand for
gauge bosons with electric charges 0, 1 only, there are not
more than four different possibilities for the simultaneous
values of b and ¢; they are: b=c=1; b=c¢=—1; b=1,c
=2 and b=—1,c=2.

Now, contrary to the SM where only the Abelian U(1)y
factor is anomalous, in the 3-4-1 theory both, SU(4), and
U(1)y are anomalous [SU{3), is vectorlike]. So, special
combinations of multiplets must be used in each particular
model in order to cancel the possible anomalies, and obtain
renormalizable models. The triangle anomalies we must
take care of are: [SUM). 1%, [SU3)J*U(1)y,

[SU@4) PU(D)y, [gravI*U(L)y and [U(1)4]%.
Now let us see how the charge operator in Eq. (Al) acts
on the representations 4 and 4 of SU(4),:

P L. sy
Qlal=Dg\ztg+ptX.—gtgtz+%
2b+c+x C+X\|
6 12 vty

055007-8


http:SU(4)�.13
mailto:c@SU(4)1..@U(lh

SU(3),85U(4),®U(1)y WITHOUT EXOTIC ELECTRIC CHARGES

PHYSICAL REVIEW D 69, 055007 (2004)

TABLE V. Anomalies for sets with values b=c¢c=1,

Anomaly s 59 s} s4 st S
(U] -9/16 -27/16 21116 ~15/16 15/16 -21/16
[SU4) ULy — 14 5/4 ~3/4 174 ~1/4 3/4
(SU@),.T 3 -3 1 1 -1 -1

Natice that, if we accommodate the known left-handed quark
and lepton isodoublets in the two upper componeunts of 4 and
4 (or 4 and 4), do not allow for electrically charged antipar-
ticles in the two lower components of the multiplets [anti-
quarks violate SU(3), and e*,u* and 7% violate lepton
number at the tree level] and forbid the presence of exotic
electric charges in the possible models, then the electric
charge of the third and fourth components in 4 and 4 must be
equal either to the charge of the first and/or second compo-
nent, which in turn implies that b and ¢ can take only the
four sets of values stated above. So, these four sets of values
for b and ¢ are necessary and sufficient conditions in order to
exclude exotic electric charges in the fermion sector too.

A further analysis also shows that models with b=c¢=
—~1 are equivalent, via charge conjugation, to models with
b=c=1. Similarly, models with b=—1, ¢=2 are equiva-
lent to models with =1, c=—2. So, with the constraints
imposed, we have only two different sets of models; those
for b=c=1 and those for b=1, ¢=-2.

1. Models for b=c=1

First let us define the following complete sets of spin 1/2
Weyl spinors {complete in the sense that each set contains its
own charged antiparticles):

S?z{(l"d’D’D,)LN[B?‘#)— Tl—f]’ ui'\'[?—,l,“ %’]’
i~[3.1.51, Di~[3.151, DI ~[3.L,51}
S§={(d,u,U,U") ~[3.4,3], ui~[3,1,-%],
di~13,1,5], Ui~[3.1,-31, U ~[3,1,-31}
SQ:{(Vﬂ,e‘,E‘,E’—)L~[1,4,7 31, ef~[1,1,1],
Ef~[1,1,11, E;*~[1,1,1]}.
Sg={(E+’N?’Ng’Ng)L~[ 1!4)%']’ E;’V[lrl?“ 1]}’
Sk={(e”, 2, NON'®) ~[13,~}], ef ~[1,1,1]}.
Se={(N.E{ .Ey Ey) ~[14.3], E~[L1,~1],

E£L~[lv1’_ 1], E;L"’[l,l,“‘ 1]}.

Due to the fact that each set includes charged particles
together with their corresponding antiparticles, and
since SU(3), is vectorlike, the anomalies
[grav]?U(Dy. [SU3). ] and [SU3) J*U(1)x automati-

cally vanish. So, we only have to take care of the remaining
three anomalies whose values are shown in Table IV.

Several anomaly free models can be constructed from this
table. Let us see.

a. Three family models

We found two three family structures which are:

Model A=257®53@®355. (The model analyzed in the
main text.)

Model B=59025%035%.

b. Two family models
We find only one two family structure given by: Model
C=Siosi@si@st.
¢. One family models

A one family model can not be directly extracted from
S;,i=12,...,6, but we can check that the following
particular arrangement is an anomaly free one family struc-
ture: Model D=S{@® (e, »? NO,N'%), @ (E] NI N3N
S(NY,E} ,e*,EF) @E5 . As can be checked, this model
reduces to the model in Ref, [15] for the breaking chain
SU@),@U(1)x—=SU3) ®U(1),8U(1)x—SU3),
® U(1), for the value a= 1/12. In an analogous way, other
one family models with more exotic charged leptons can also
be constructed.

2. Models for b=1,c=—2

As in the previous case, let us define the following com-
plete sets of spin 1/2 Weyl spinors:

S{qz{(u’d'D’ U)L~[394)%]! HZN[jnly— %]’

di~[3,1,+], DE~(3,141, U§~[3.1,-31

S59={(d,u,U,Dy, ~[35,£], us~[3,1,- %],
dS~[3,1,41, US~[3.1,-2], D5~[3,1,31}
Sit={(2,e™ ,E7 N, ~[1,4,—1], e/ ~[1.1,1],

EZ~[lalyl]}‘

Sit={(e”, 0, N E7), ~[1,4,- %], ef ~[L.1,1],
Ef~[11,11}.
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TABLE V. Anomalies for sets with values b=1, c=—2.

Anomaly s4 59 s% s4 ‘ st st
(UMW) ]? ~3/2 ~32 3 32 -3/2 =312
[SUAY, PUy 12 12 -1z - 1/2 12 12
[SU(4), T 3 -3 1 -1 1 -1

S§'={(E*.N},N,e ") ~[1,4,5], E.~[1,1,-1],

e ~[1,1,— 11}

S ={(N3,E*,e* N, ~[14,L], E[~[1,1,—1],
e ~[1,1,—11}.

For the former sets the anomalies [grav]?U(1)y, [SU(3).]}
and [SU(3).]*U(1)x vanish, The other anomalies are
shown in Table V. Again, several anomaly free models can
be constructed from this table. Let us see.

a. Three family models
We found two three family structures which are:
Model E=259® 5,9@35," .
Model F=S517925;7®3 S5}’ .

b. Two family models

We find again only one two family structure given by:
Model G=5}7® 5570 5;'®5}' .

¢ One family models

Two one family models can be constructed using S/, i
=1,...,6. They are:

Model H=547®28'@ S5 .
Model I=S;9®25;' @ 5§ .

To conclude this appendix let-us mention that for the val-
ves of the parameters b and ¢ used in our analysis, many
more anomaly-free models can be constructed, all of them
featuring the SM phenomenology at energies below 100
GeV. Model A, discussed in the main text, is just one
example.
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Abstract. An extension of the standard model to the local gauge group SU(3). ® SU(4)L ® U(l)x as
a three-family model is presented. The model does not contain exotic electric charges and we obtain a
consistent mass spectrum by introducing an anomaly-free discrete Z» symmetry. The neutral currents
coupled to all neutral vector bosons in the model are studied. By using experimental results from the
CERN LEP, SLAC Linear Collider and atomic parity violation data we constrain the mixing angle between
two of the neutral currents in the model and the mass of the additional neutral gauge bosons to be
—0.0032 < sinf < 0.0031 and 0.67TeV < Mz, < 8.1TeV at 95% C.L., respectively.

1 Introduction

The standard model (SM), based on the local gauge group
SU(3). @ SU(2), @ U(1)y [1], can be extended in several
different ways: first, by adding new fermion fields (adding
a right-handed neutrino field constitutes its simplest ex-
tension and has profound consequences, as the implemen-
tation of the see-saw mechanism, and the enlarging of the
possible number of local abelian symmetries that can be
gauged simultaneously); second, by augmenting the scalar
sector to more than one Higgs representation, and, third,
by enlarging the local gauge group. In this last direction
SU{4)L, ® U{1) x as a flavor group has been considered be-
fore in the literature [2-4] which, among its best features,
provides us with an alternative to the problem of the num-
ber Ny of families, in the sense that anomaly cancellation is
achieved when Ny = N, = 3, N, being the number of col-
ors of SU(3), (also known as QCD). Moreover, this gauge
structure has been used recently in order to implement the
so-called little Higgs mechanism [4].

The analysis of the local gange structure SU(3), &
SU(4), ® U{1)x (hereafter the 3-4-1 group) presented in
the appendix of [3] shows that we may write the most
general electric charge operator for this group as

b
@ = aly + -—-—T8L+i

V3 V6

where a,b and c¢ are free parameters, Tj;, = \L/2, with
Aq, the Gell-Mann matrices for SU(4);, normalized as
Tr(AAj) = 28;;, and Iy = Dg(1,1,1,1) is the diagonal
4 x 4 unit matrix. The X values are fixed by anomaly
cancellation of the fermion content in the possible mod-
els and an eventual coefficient for XI5 can be absorbed
in the X hypercharge definition. The free parameters a, b

T15L+XI4, (1)

and ¢ fix the gauge boson structure of the electroweak sec-
tor [SU(4), @ U(1)x], and also the electroweak charges of
the scalar representations which are fully determined by
the symmetry breaking pattern implemented. In particu-
lar @ = 1 gives the usual isospin of the known electroweak
interactions, with b and ¢ remaining as free parameters,
producing an infinite plethora of possible models.

Restricting the particle content of the model to par-
ticles without exotic electric charges and by paying due
attention to anomaly cancellation, a few different models
are generated [3]. In particular, the restriction to ordinary
electric charges, in the fermion, scalar and gauge boson
sectors, allows only for two different cases for the simulta-
neous values of the parameters b and ¢, namely: b= ¢ =1
and b = 1,¢ = ~2, which become a convenient classifi-
cation scheme for these types of models. Models in the
first class differ from those in the second one not only in
their fermion content but also in their gauge and scalar
boson sectors. Four of the identified models without exotic
electric charges are three-family models in the sense that
anomalies cancel among the three families of quarks and
leptons in a non-trivial fashion. Two of them are models
for which b = ¢ = 1, and one of them has been analyzed
in [3]. The other two models belong to the class for which
b = 1,¢ == ~2 and one of them, the so-called “Model E”
in the appendix of [3], will be studied in this paper. It is
worth noticing that in the four different models at least
one of the three families is treated differently.

This paper is organized as follows. In the next section
we describe the fermion content of the particular model
we are going to study. In Sect.3 we introduce the scalar
sector. In Sect. 4 we study the gauge boson sector, paying
special attention to the neutral currents present in the
model and their mixing. In Sect. 5 we analyze the fermion
mass spectrum. In Sect. 6 we use experimental results in
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Table 1. Anomaly-free fermion structure of Model E from [3]

di
Qi = ;1 diL ujL Uty Diy,
Dy L
Basi]  BLY] BnL-3 [B1L-2) L3
g
Qi = 4 us ¢ ¢ ¢
§L Dj 4L 'F 1. iL 4L
U; L
8,451  [B1,-3] [B,1,3] [3L3] [31,-3]
€o
Lo = f{;‘é ein E:L .
EZ L
[1,4%,-1] 1,1,1 [1,1,1

order to constrain the mixing angle between two of the
neutral currents in the model and the mass scale of the
new neutral gauge bosons. In the last section we summarize
the model and state our conclusions.

2 The fermion content of the model

In what follows we assume that the electroweak gauge group
is SU(4)L, ® U(1)x which contains SU(2), ® U(1)y as a
subgroup. We will consider the case of a non-universal hy-
percharge X in the quark sector, which implies anomaly
cancellation among the three families in a non-trivial fash-
ion.

Here we are interested in studying the phenomenology
of three-family models without exotic electric charges and
with values & = 1, ¢ = ~2 for the parameters in the electric
charge generator in (1). As an example we take Model E
of [3] for which the electric charge operator is given by
Q = Ts. + Tap/V3 — 2Tis1,/V6 + X1, This model has
the anomaly-free fermion structure as given in Table 1,
where j = 2,3 and a = 1,2,3 are two- and three-family
indexes, respectively. The numbers in parentheses refer to
the [SU(3)¢, SU(4),U(1)x] quantum numbers, respec-
tively. Notice that, if needed, the lepton structure of the
model can be augmented with an undetermined number of
neutral Weyl singlet states Nﬁyn ~ [1,1,0], n = 1,2,...,
without violating our assumptions, neither the anomaly
constraint relations, because singlets with no X charges
are as good as not being present as far as anomaly cancel-
lation is concerned.

3 The scalar sector

" Our aim is to break the symmetry, following the pattern
SU3) 08U 4)L,eU(l)x

L.A. Sédnchez et al.: SU(3), ® SU(4)L ® U(1)x model for three families

=+ SU3)®SUBLOU(1)x
= SUB).®8U2) e U(l)y
- SU(3)6®U(1)Q¢

where SU(3). ® SU(3). ® U(1) x refers to the so-called 3-
3-1 structure introduced in [5]. At the same time we want
to give masses to the fermion fields in the model. With
this in mind we introduce the following four Higgs scalars:
¢1{1,4%,—1/2] with a vacuum expectation value (VEV)
aligned in the direction {¢;) = (0, v, 0, 0)T; ¢2[1,4*, —1/2]
with a VEV aligned as {¢2) = (0, 0, V, 0)T; ¢3[1,4, -1/2]
with a VEV aligned in the direction (¢3) = (v', 0, 0, 0)T,
and ¢4[1,4,—1/2] with a VEV aligned as (¢4) = (0, 0, 0,
V)T, with the hierarchy V ~ V' >> voZ + 02 = 174 GeV
(the electroweak breaking scale).

4 The gauge boson sector

In the model there are a total of 24 gauge bosons: One
gauge field B¥* associated with U(1)x, the 8 gluon fields
associated with SU(3). which remain massless after break-
ing the symmetry, and another 15 gauge fields associated
with SU(4);, which, for =1 and ¢ = —2, can be written
as
D Wk e X0
-1~/\ AB = 1 |w~» Df K% X~
27 e 2 | KT# K% DY y-R |
X0 X+u y+u DY

where DY = A5/V2+ A5 /VB+Al5/ V12, Dy = —A5/V2+
Al /64 AY JV12, DY = ~2A% /6+ Ak /12, and DY =
—3 A% //12.

After breaking the symmetry with (¢1) + (¢2) + (¢3) +
{¢4) and using for the covariant derivative for 4-plets iD# =
i0# —~gAo AL [2—¢' X B¥, where g and ¢ are the SU (4}, and
U(1)x gauge coupling constants respectively, we get the
following mass terms for the charged gauge bosons: Mﬁ,i =
g2 (v +v2)/2, My = g°(v + V?)/2, M3s = g°(v® +
V)2, MZ, = gz(V2+V’2)/2,M}2<D(K0) = g*(v2+V?)/2,
and Mf(o(xo) = g?(v? + V"?)/2. Since W* does not mix
with the other charged bosons we have that vv2 4 v =
174 GeV as mentioned in the previous section.

For the four neutral gauge bosons we get mass terms
of the form

2 ! Dy H [d 2

q 2 (B 2A4 Als)
M=Lly2 (92 _ 208 L 15
‘2{ ( g v3 V6

2
4 V!? (QIB“ + 3A¥5>
g

NG
Af A% gBR?
+v'2(A“+—8—+—‘ﬁ-— )
TV VB g

Ay

g'BH A11‘5>2
+0? [ — A+ 2+ 2] .
( g PTVB VB
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M is a4 x 4 matrix with a zero eigenvalue corresponding
to the photon. Once the photon field has been identified,
there remains a 3 x 3 mass matrix for three neutral gauge
bosons, Z#, Z'# and Z"*. Since we are interested now
in the low energy phenomenology of our model, we can
choose V = V’ in order to simplify matters. Also, the
mixing between the three neutral gauge bosons can be
further simplified by choosing v’ = v. For this particular
case the field Z"* = 244 /v/6+ A%;/+/3 decouples from the

other two and acquires a squared mass (g%/2)(V? + v?).
By diagonalizing the remaining 2 x 2 mass matrix we get
two other physical neutral gauge bosons, which are defined
through the mixing angle 6 between Z,,, Zj:

= Z, cost + Z,sinf ,

Zy = —Z,sin@ + Z, cos b,

where

Svazw
(1+83)2+ L C§ -

Sw = ¢'//29’? + 3* and Cw are the sine and cosine of
the electroweak mixing angle, respectively, and Cow =
C%V - W
The photon flield A#* and the fields

tan(26) =

2)

Z, and Z,, are

given by
AF = Sy Al
T A
wow |5 (-2 ) + 0 -]
ZH = Cy Al
u
~sw | D (ag -2 ) o~ mhoep]

1 !
2% = (- T} (Ag - Qﬁ) _TwB*. (3

We can also identify the Y hypercharge associated with
the SM abelian gauge boson as

Tw

YIJ
V3

(A“ %)ﬂl—m)“?m. (4)

4.1 Charged currents

The Hamiltonian for the charged currents in the model is
given by :

HCC —

3 3
X {I’V: [(Z ﬁ'aL'Y“daL) _ﬁlLvudlL_(Z aL’Y e )‘I
j= . =

3 3
(Z ﬂaL’Y“DaL) ~Uiytdin~ (Z NgL’Y”BZL)}

j a=1

Sl

|

+K;f
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s

3
UaLy” DaL) ~Ury* D~ (Z -YSL?‘“E&J

[\;Jw

VE
+XF (JZ UaL’Y“daL) —tLy* DiL— (
+Y; ('
3 3
> " dav* Dar, 1LY U1L*(Z oL
=2 s’

3
+X9 ( m"UaL) Dypytdi— (Z LY € )”
~+h.c

4.2 Neutral currents

+K)

The neutral currents J,(EM), J,(Z), Ju(Z'), and J,(Z")
associated with the Hamiltonian
HO = eA*J,(EM) + (9/Cw)Z*J,(Z)
+(g")Z*Iu(Z") + (9/(2V2) 2" Ju(2"),

are
J.(EM)

2

3
= '?; [Z(aa')’uua + {7a'YuUa) + Uiyt + Ul'YuUl:]

=2

~a [:Z(da’yp a + Da')’uD ) + d1’)’ud1 + D]’)‘gD:{}
==

3

- Z €o Vo — ZE;’YﬁE;
=1 =
= Z fo’YMfa

JuL(Z) ~ S J,(EM),
= JuL(Z') — TwJ.(EM),

u(Z)
Ju(Z')
Ju(Z")

3 —_
= Z(ﬁaL’Y‘uuaL + dorYpdaL — DaL’Yp.
a=2
—diLyudin — Binveran + UinvuUsn + Divyu Dio
3
+ Z(_é;ere;L - ﬂeaL’TuVeaL
a=1

+N YN + EZvuESL),

UaL”Yu UaL)

(5)

where ¢ = gSw = ¢Cw+/1 —TWE > 0 is the electric
charge, gy is the electric charge of the fermion f in units of
e, and J,(EM) is the electromagnetic current. Note from


http:Da"tJ1.Da
http:t(da"tJ1.da
http:Ua"tJ1.Ua
http:t(Ua"tJ1.ua
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Ju(Z") that, notwithstanding the extra neutral gauge bo-

son, Z,, does not mix with Z,, or Z,, (for the particular case

V =V’ and v = v'); it still couples to ordinary fermions.
The left-handed currents are

3
1 _
Ju,L(Z) = '2' Z(ﬁaL'YuuaL - daL'YudaL)
=
—(diLYudiL — G1LYuuIL)
3
- Z(é;L’Yue;L — DeqLYuVeal)
a=1
=> TisfLvufi,
f
3 —_
Ju,L(Z/) = (2TW)_1 Z [T\%V(ﬁaL'YuuaL - daL'YudaL)
=2
_DaL'YuDaL + ﬁaL'YuUaL]

~T3 (diLyudin — TiLyuuiL)
+UrLv. UL — Dy D1

3
+ Z [~T& (€L Yuear — PaLVuVaL)
a=1
+NG N — EqmEg] }

=> Tisfivfe, (6)
f

where T4y = Dg(1/2,—-1/2,0,0) is the third component of
the weak isospin and Ty, = (1/2Tw)Dg(T%, T, —1,1)
= TwA3/2 + (1/Tw)(Xs/(2v/3) — M\15/+/6) is a convenient
4 x 4 diagonal matrix, acting both of them on the rep-
resentation 4 of SU(4)y,. Notice that J,(Z) is just the
generalization of the neutral current present in the SM.
This allows us to identify Z, as the neutral gauge boson
of the SM, which is consistent with (3) and (4).

L.A. Sénchez et al.: SU(3). ® SU(4)L ® U(1)x model for three families

The couplings of the mass eigenstates Z}' and Z§ are

given by
2
HY = o LA Puleal D0 =
+ar(f)(1 +75) f}
2
= 2_0% ;Zf‘%:{fm 9(Hev — 9(Fiars] £} +
where

a1L(f) = cosO(Tyy — qu%V)
! sin 6C
+ 22T — gsTw)

g’ sin

air(f) = —qsSw (cos 0Sw +

asL(f) = —sin0(Tyy — q5Siy)

).

' cos 8C
+W—W(T4f — ¢ Tw)
. g cosf
asr(f) = qsSw | sin0Sw — , )
and
9(f)1v = cos8(Tys — 25%q5)
! 2 0
+ 2500 (1 Cw — 2415w)
9(f)a2v = —sind(Ty5 — 2S%qu)
, )
g cos@ (TzifCW — 2g;5w),
g’'sind,_,
9(f)1a = cosOTyy + T1;Cw ,
. g cosf_,
9(f)2a = —sinbTuy + TyCw. (8)

The values of g;v, ¢gia with i = 1,2 are listed in Tables 2
and 3.

Table 2. The Z} — ff couplings

f g(fhv 9(fra

s cosf(§ - 1) seng gy Lcos0+ 5228 S%
di2,3 (—%4—2433&)00504-#5&, —50050—%53\;
Diza H5cos0 pide (B2 —1) sy

Uias =58 cosd - gy (25 —1) e Ch

€23 cosd (—% + 285\;) + 72(0553)91/2 5%, — °°259 — —2(05;\'/‘;;1/2 S
V123  3cosf+ ﬁgsev 2 cosf + 2(052%—585\,
Moo scpm 7 OW Cawy 77 OW

Er,5 2S%cosf+ (C:iw")"l/z (2—-5C%) - 2(;;%0\2”
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Table 3. The Z5 — ff couplings

S g(f)av g(f)zA
Csin@ (L - 4S5k} _ _scesb g2 _1g __coso__ g2
Uu1,2,3 sin @ ( 3 e Siw 5 sinf + (Car) 172 Sw
1 2Sw cos @ 2 1 _ cosé 2
d1‘2,3 (5 - )s1n0 + WSW 3 sin 0 WSW
D _ 2Sw sinf + cos 6 wz —1 _ cos 6 2
1,2,3 2(Caw)1/2 2(Caw)1/2
5% _ __coso__ (118% __cosf__ 2
Ut,2,3 =% sin ¢ 2 Cpur) 12 ( 1 TCLTE Cw
- H 1 2 5cos@ 2 sin 8 cos @ 2
€123 sind (5 “QSW) + WSW 2 WSW
1 cos 6 2 _ 1 cos 6 2
V1,2,3 —_Sln0+2(_CWSW 3 sm0+ ——"—'—2(02‘”)1/2 SW
NO cos 6 C cos @ 02
b3 2(Cw)E W 2(Caw) 72 W
- cosB cos @ 2
E1‘213 —QSW Slﬂ0+ )1/2 (2 ) _WCW

As we can see, in the limit § = 0 the couplings of Z}'
to the ordinary leptons and quarks are the same as in the
SM; due to this we can test the new physics beyond the
SM predicted by this particular model.

5 Fermion masses

The Higgs scalars introduced in Sect.3 break the sym-
metry in an appropriate way. Now, in order to generate
both a simple mass splitting between ordinary and exotic
fermions and a consistent mass spectrum, we introduce an
anomaly-free discrete Za symmetry [6], with the following
assignments of Zs charge g:

Q(QaLa ugLa dgL’ LaL, CZL, ¢17 ¢3) = Oa
Q(UgLa gLv E2L7 ¢2’ ¢4) = 1. (9)

Notice that ordinary fermions are not affected by this dis-
crete symimetry.

The gauge invariance and the Z; symmetry allow for
the following Yukawa lagrangians.
(1) For quarks:

['Q - ZQELC {¢3 Z h’]auaL + ¢4 Z

j=2

+¢1Zhd dCL+¢QZh]a }

a=1

3
?LC {Qﬂ( Z h"‘llaugL + ¢; Z h’llja SL
a=1 a=1

gL} + h.C.,

where the h's are Yukawa couplings and C is the charge
conjugate operator.
(2) For charged leptons:

3 3
+3 ) hfadip + 64 ) i,

a=1 a=1

3
=YY ke {¢3 ¢ g€l + ¢4haﬂE[,L} +he

a=13=1

The lagrangian [,8 produces for up- and down-type quarks,
in the basis (ul, ug, us, Uy, Us, U3) and (dl, do, ds, Dy,
D5, Dj3) respectively, 6 x 6 block diagonal mass matrices

of the form
My, = My (3x3) 0 ’
0 Myaxs)

where
hiyv hiy o' Ry o'
fov hipv' h¥yv' |,
h’l‘Sv h¥v" h¥sv'
vV Ry V! hgflv’
h Vh V’h Y
h 3V h23V’ h V’
and
My3x3) 0
MdD = ’
( 0  Mpsxs)

where

hd,v' hdv kg v

My = hdzv hdov hdqu |
hisv' hdsv hésv
K2V BBV KD V

Mp = h V’h Vh

For the charged leptons the lagrangian L), in the ba-
sis (e1, e2, €3, E1, E2, E3), also produces a block diagonal

mass matrix
M, 0
M.p = e(3x3) ,
‘ ( 0 ME(SXS)

where the entries in the submatrices are given by

Meop = hfwv’ and Mg op = haEﬂV’.
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The former mass matrices exhibit the mass splitting
between ordinary and exotic charged fermions and show
that all the charged fermions in the model acquire masses at
the tree level. Clearly, by a judicious tuning of the Yukawa
couplings and of the mass scales v and v’, a consistent mass
spectrum in the ordinary charged sector can be obtained. In
the exotic charged sector all the particles acquire masses
at the scale V ~ V' » 174GeV. Note that in the low
energy limit our model corresponds to a Type 111 two Higgs
doublet model [7] in which both doublets couple to the
same type of fermions, with the quark and lepton couplings
treated asymmetrically.

Theneutral leptons remain massless as far as we useonly
the original fields introduced in Sect. 2. But as mentioned
earlier, we may introduce one or more Weyl singlet states
Z\IL by b= 1,2,..., which may implement the appropriate
neutrino oscillations [§].

6 Constraints on the (Z*-Z'*) mixing angle
and the Z5 mass

To bound sin# and My, we use parameters measured at
the Z pole from CERN e*e™ collider (LEP), SLAC Linear
Collider (SLC), and atomic parity violation constraints
which are given in Table 4,

The expression for the partial decay width for Z§' —

ffis

Nzt = fhH

_ NeGpM3 (35-p° 2

- ol p{ l9(f }+£3’3{9(f}m]}
x{1+ 5})REWRQCDa (10)

where f is an ordinary SM fermion, Z! is the physical
gauge boson observed at LEP, No = 1 for leptons while
for quarks No = 3(1 + as/m + 1.40502 /72 — 12.77a2 /n3),
where the 3 is due to color and the factor in parenthe-
ses represents the universal part of the QCD corrections
for massless quarks (for fermion mass effects and further
QCD corrections which are different for vector and axial-
vector partial widths, see [9]); Rgw is for the electroweak

Table 4. Experimental data and SM values for the parameters

SM
2.4966 £ 0.0016
1.7429 + 0.0015
84.019 4+ 0.027

Experimental results
2.4952 4+ 0.0023
1.7444 + 0.0020
83.984 + 0.086

Fz (GeV)
I'(had) (GeV)
r{+iy (Mev)

R, 20.804 =+ 0.050 20.744 + 0.018
R, 20.785 + 0.033 20.744 + 0.018
R. 20.764 £ 0.045 20.790 + 0.018
R 0.21664 = 0.00068 0.21569 = 0.00016
R. 0.1729 = 0.0032 0.17230 = 0.00007
Q% ~72.65 £0.284+0.34  —73.10 % 0.03

Mz, (GeV) 91.1872 £ 0.0021 91.1870 4 0.0021
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corrections which include the leading order QED correc-
tions given by Rorp = 1+ 3a/{4n). Rgep denotes further
QCD corrections (for a comprehensive review, see [10] and
\/1—4m3/MZ is a kine-
matic factor which can be taken equal to 1 for all the
SM fermions except for the bottom quark. The factor 4
contains the one loop vertex contribution which is negli-
gible for all fermion fields except for the bottom quark,
for which the contribution coming from the top quark at
the one loop vertex radiative correction is parametrized as
& = 1072 [-mi/(2 Mz ) + 1/5] [11]. The p parameter can
be expanded as p = 1+ Spg +08py where the oblique correc-
tion 8pp is given by 8pg ~= 3Grm?/(87%+/2), and 8py is the
tree level contribution due to the (ZM—ZL) mixing which
can be parametrized as Spy =~ (M3 /M2 - 1) sin?@. Fi-
nally, g(f)1v and g(f)14 are the coupling constants of the
physical Z!* field with ordinary fermions which are listed
in Table 2.

In what follows we are going to use the experimental
values [12] Mz, = 91.188GeV,m; = 1?’4 3GeV,ae{mz) =
0.1192, a(mz)~! = 127.938, and sin 20w = 0.2333. The
experimental values are introduced using the definitions
Ry, = I'(yn)/I"(hadrons) for n = e, u, 7, b, ¢

As afirst result notice from Table 2, that our model pre-
dicts Re = R, = R,, in agreement with the experimental
results in Table 4.

The effective weak charge in atomic parity violation,
Gw, can be expressed as a function of the number of protons
(Z) and the number of neutrons {N) in the atomic nucleus
in the form

references therein), and § =

Qw = -2{(2Z + N)ci1o + (11)

where c14 = 2g(e)1 Ag( J1v. The theoretical value for Qw
for the cesium atom is given by [13] Qw (233Cs) = —73.09+
0.04 + AQw, where the contribution of new physics is
included in AQw, which can be written as [14]

5w
T—25%

(Z + QN)Cld} 5

AQw = [(1 +4 ) Z — N] Spv + xﬁQ'W (12)

The term AQY, is model dependent and it can be obtained
for our model by using g{e);4 and g{¢);v, i = 1,2, from
Tables 2 and 3. The value we obtain is

AQw = (3.75Z + 2.56N) sin 6
2

+(1.22Z2 + 0.41N Mz
HLRZ 404N 3

(13)

The discrepancy between the SM and the experimental
data for AQw is given by [15]

AQw = Qw" —

which is 2.3 & away from the SM predictions.
Introducing the expressions for Z pole observables in
(10), with AQw in terms of new physics in (12) and using
experimental data from LEP, SLC and atomic parity vi-
olation (see Table 4), we do a x? fit and we find the best

QW = 1.03 +0.44, (14)
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MZ2(TeV)

the TeV scale, which allows for a possible signal at the
Fermilab Tevatron.

For our analysis we have chosen just one of the two pos-
sible three-family models without exotic electric charges,
characterized by the parameters b = —¢/2 = 1 in the elec-
tric charge operator [3]. We believe that the low energy
phenomenoclogy for the other model must produce results
similar to the ones presented in this paper.
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Fig. 1. Contour plot displaying the allowed region for @ versus

Mz, at 95% C.L.

allowed region in the (6-Mz,) plane at 95% confidence
level (C.L.). In Fig. 1 we display this region, which gives
us the constraints
—~0.0032 <8 <0.0031, 0.67TeV < Mz, <6.1TeV.

(15)
As we can see, the mass of the new neutral gauge boson
is compatible with the bound obtained in pp collisions at
the Fermilab Tevatron [16].

7 Conclusions

We have presented an anomaly-free model based on the
local gauge group SU(3), @ SU(4)r ® U(1)x, which does
not contain exotic electric charges. This last constraint
fixes the values b = 1 and ¢ = —2 for the parameters in
the electric charge generator in (1).

We break the gauge symmetry down to SU(3).®U (1)
in an appropriate way by using four different Higgs scalars
¢, 1=1,2,3,4, which set two different mass scales: V ~
V! »>> Vv? + 0?2 = 174 GeV, with v ~ v'. By introducing
an anomaly-free discrete Z» symmetry we also obtain a
simple mass splitting between exotic and ordinary fermions,
and a consistent mass spectrum both in the quark and in the
lepton sector. Notice also the consistence of our model in the
charged lepton sector where it predicts the correct ratios
R,, n = e,u,7, in the Z decays. This is a characteristic
feature of the two classes of three-family models introduced
in [3].

By using experimental results we obtain a lowest bound
of 0.67TeV < Mg, for the mass of an extra neutral gauge
boson Za, and we find the bound of the mixing angle ¢
between the SM neutral current and the Z2 one to be
—~0.0032 < § < 0.0031.

When we compare the numerical results presented in
the previuos section with the results presented in {3}, we
find that the mixing angle & is of the same order of mag-
nitude (~ 107%), but for the model considered here the
mass associated with the new neutral current has smaller
lower and upper bounds, with the lower bound just below

rez for helping us with the numerical analysis presented in Sect. 6.
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Anexo 3

3308 Lt BT SE : -y
friv il Bl RV EY COMEZ

SOFTWARE

Se incluyen en este

anexo las rutinas usadas para hallar la region de confianza para

el angulo de mezcla y para la masa del nuevo bosén de gauge Z'° cuya existencia es
predicha por los modelos estudiados en esta investigacién. Este programa fue el usado
para la obtencién de las graficas que aparecen en la peniltima seccién de cada uno de
los articulos publicados.

5.1. Programa principal

Fl siguiente es el programa principal que llama a la subrutina optimization.C

- #include
#include
#include
#include
#include
#include
#include

#include

<stdio.h>
<stdlib.h>
<math.h>
<stdarg.h>
<stdlib.h>
"cfortran.h”
"minuit.h"

"optimization331.C"

main(void)

{

FILE *ev,*ch;

int i;
double
double
double
double
double
double
double

parameters [MAXPARAM] ,deltap[MAXPARAM] ;

bl [MAXPARAM], br [MAXPARAM] ,errors [MAXPARAM] ;
gamna;

chi;

teta,Mz2;

tini,tfin,dt,M2ini,M2fin,dM2;
tetap,tau,tauvini,taufin,dtau;



[/ /e 3 ko sk ok ok e o koK oK o ok K o 3K o ok 3k ok ok k5K sk 3 ok ok 3Kk 3 K 3k 2K oK 3k oK 3k 3k oK 3K 3 oK K ok 3k 30K oK 3K K ok 3K K K K

//INITIALIZATION OF GLOBAL VARIABLES

;”‘/**********************************************************

OBLIQUE= (3%GF*MT*MT) /(8*M_PI*M_PI*sqrt(2));

NC=3% (1+(0.1192/M_PI)+1.409%(0.1192/M _PI)*(0.1192/M_PI1)-12.77
*(0.1192/M_PI)*(0.1192/M_PI)%(0.1192/M_PI));

1 0ok ek ko s ok o o o s sk oK oK 3K o 3K o oK o 3 o K koK ok oK ok ok 3k o S ok o ok A K kK K Kok ok Kok koK K ok oK K oK 3K
//READING EXPVAL FROM FILE
[ /3K 33k 3 o ke ok ok ok o e Sk o s ok o ok o ok ok ok o o ok ok sk sk sk sk sk ok o o ok sk ok ok sk ek oK sk ok ok sk o o o o o oK ok 3K
ev=fopen("experimental331l.data","r");
for(i=0; i<NUMBERQUANTITIES;i++){

facanf (ev,"41f %L1E",&expvallil, &sigmalil);
1

fclose(ev);

/) oKk ok s ok sk ok ks ok ke 3K 3k 3 ok ok o 3K 3K o 6 K o 3K ok 3K 3K 3K 3 3K Sk oK K K K 3 o sk K sk oK K 3K K3 3K oo KK o K oK K
//MINIMIZATION

/7 3k 3 ke sk sk e o ok e ok ke ok Sk K ok ok 3k ok ok ok o ok sk ok ok sk K kR R ok sk kK ok 3k o 3 KK KK 3Kk oK 30K K oK 3k ok oK 3 K R
//INTIAL GUESS FOR THETA

parameters [0]=THETA_INI;

deltap[0]=DELTA_THETA;

bl[0]=BL_THETA;

br[0]1=BR_THETA;

//INTIAL GUESS FOR MZ2

parameters[1]=MZ2_INI;

deltap[1])=DELTA_MZ2;

bl{1]1=BL_MZ2;

br{1]=BR_MZ2;

//MINIMIZATION

FitChiSquare(ChiSquare,NUMPAR, parameters,deltap,bl,br,errors);

33 ok ok s ok o s ok s sk sk ok ok ok sk ok 3K o o 3 K 3K ok oK o o ok Kk ok sk sk ok ok ok ok ok ok ok ok 3ok Ok K ok ok K K oK
//CONSTRUCT CONFIDENCE REGION

7/ 3k e sk ok e 3k o sk ok ok ke ok ok 3k 9K ke ok ok oK 3K oK ok 3 K 3 oK 3 3 s K ook 3K 3 oK 3 ok 3k 3 ok e ok 3K 3K 3K K oK Sk 3K K

//*

ev=fopen("contourverbose.dat","r");

fscanf (ev,"%41f ALf",&tini, &M2fin);

fclose(ev);

system("tail -n 1 contourverbose.dat > /tmp/cont.tmp");
ev=fopen("/tmp/cont.tmp","r");

fscanf(ev,"41f %1f",&tfin,&M2ini);

fclose(ev);

//MODIFIED
tini=-0.18;
M2fin=18.0;
tfin=0.16;


http:Iltini=-0.31;tfin=-0.25
http:tfin=0.16
http:tini=-0.18
http:NC=3*(1+(0.1192/M_PI)+1.409*(0.1192/M_PI)*(0.1192/M_PI)-12.77

5?%5
N4
iy

3

S
wr i

M2ini=0.7;

//tini=-0.31;tfin=-0.25;
dt=(tfin~tini)/30.0;
//dtauv=(taufin~tauini)/10.0;
dM2=(M2£in-M2ini)/30.0;
ch=fopen("chisquare.dat®,%w");
for(teta=tini;teta<=tfin;teta+=dt){
for (Mz2=M2ini;Mz2<=M2fin;Mz2+=dM2){
parameters[0]=teta;
parameters{1]=Mz2;
ChiSquare(&chi,parameters);
// fprintf(ch,"%10.10g \n",chi);
fprintf(ch,"%1f %1f %Llf\n",teta,Mz2,chi);
//printf ("Y1 %1f %1lf\n",teta,Mz2,chi);
}
fprintf(ch,"\n");
}
fclose(ch);
}

A.2. Subrutina

En esta subrutina se usan librerias del CERN que nos permiten realizar la
minimizacién de la x?

//

#define MAX(a,b) (a>b?a:b) //CONSTANT FUNCTION MAX, MIN
#define MIN{(a,b) (a<b?a:b)

//Programation constants
#define MAXPARAM 30
#define NUMBERQUANTITIES 4

#define URDERPARAM {3,1,0,2}
// o
/7 B CLDQ

#define MAXQUANTITIES 15
#define MEDDATA 10000
#define NUMPAR 2

//Physical constants

//We take all this datas of the Particle Data Group (1 July 2002)

#define HVAR 6.5821188%E-22

//The Planck constant divide by two times pi, have units of: MeV.s.

#define GF 1.16639E~5 ‘

//The Fermi constant divide by hvar times ¢ at three, have units of: GeV~{-2}
#define SW2 0.23113

#define CW2 0.76887


http:Iltini=-0.31:tfin=-0.25

//¥Weinberg Square Sine and Cosine

#define THETA 0.292614162

#define MW 80.423

//9°{+ or ~} mass give in GeV

#define MZ 91,1876

//Z_{1} mass give in GeV.

#define MB 4.25

//Bottom mass give GeV.

#define MT 174.30

//Top mass give GeV.

#define Z 55

//number of protons of the source Cesio (Cs)
#define NN 78 ‘
//number of neutrons of the source Cesio (Cs)

//VALUES FOR MINIMIZATION
//MIXING ANGLE
//*POSITIVE REGION
#define THETA_INI -3//x 10~-2
#define DELTA_THETA 1
#define BL_THETA -1e2 //LARGER THAN ZER(O TO AV0OID SINGULARITY
#tdefine BR_THETA 1le2
#define SCALE_THETA 1le~2
/7*/
/*POSTIVE REGION

#define THETA_INI 3//x 107-2 "+
#define DELTA_THETA 1
#define BL_THETA -1le2 //LARGER THAN ZERO TO AVOID SINGULARITY
#define BR_THETA i1e2
#define SCALE_THETA le-2
//*/
//22 MASS
//*WHEN MASS Z2 IS USED
#define MZ22_INI 3
#define DELTA_MZ2 0.05
#define BL_MZ2 0.7
#define BR_MZ2Z 1e3
#define SCALE_MZ2 1e3 //GEV
474
//*WHEN TREE IS USED
#tdefine TAU_INI &
#define DELTA_TAU 1//0.05
#define BL_TAU 0.0
#idefine BR_TAU 1e2
#define SCALE_TAU 1e0 //GEV
1/*/

// =




//Number of Colors
double OBLIQUE,NC;
double expval [MAXQUANTITIES],theo[MAXQUANTITIES], sigma [MAXQUANTITIES] ;

//COMPUTES THE g FUNCTION FOR ONE FERMION
//FERMION TABLE:

/71 w_{1,2},2: 4_{1,2},3: D_{1,2},4:D*_{1,2},5:
//74_{3},6:u_{3},7:U_{3},8:U°_{3},9:e~_{1,2,3}
//10:v_{1,2,3},11:80_11,2,3},12:N0° _{1,2,3}
void ge(double theta,int fermion,double *gilV,double *gld)
{ // double THETA;

//THETA=sqrt (SW2*CW2) /sqrt (3.0-4.0%8W2) ;

switch(fermion){

case 1:

/7 uw_{1,2}

//*g1V=(1,0/2.0~(4.,0%SW2/3.0)) *(cos(theta)~(sin(theta) /sqrt(3.0-4.0%SW2)));

//%g1ih=(1.0/2.0)*(cos(theta)-(sin(theta)/sqrt(3.0-4.0%SW2)));

/7 e ko oo ke o o ok o ok ok oK KK 1 3K R R 9K K K K o o o 3k R e oKk o 3 oK R R o o sk ok 3K 3k ok 35K 3 o K K K oK oK K 3 3 oK K o oK sk ok o K oK

//u_{2,3}

*g1V=(1.0/2.0-(4.0%8W2/3.0) ) xcos{theta)~THETA*((1.0/(2.0*sqrt (CW2*SW2)))
~(4.0*sqrt (SW2/CW2)/3.0) )*sin(theta);

*g1A=(1.0/2.0)*cos(theta)~THETA* (1.0/(2.0*sqrt (CW2%8¥2) ) ) *sin(theta) ;

//1 do only one change...in the above expression...
break;
case 2:

//d_{1,2}

/7 *giV=(~1.0/2.0+(2.0%5W2/3.0) )*cos(theta)+

// (2.0%8W2-3.0)*(sin(theta)/(6.0xsqrt(3.0-4.0%8W2)));

// *glh=(-1.0/2.0)*(cos(theta)+(sin(theta)* (1-2.0%SW2)/sqrt(3.0-4.0%3W2)));
7 7 ke e ok sk ok ok ok ok sk ks ok ok ok ok ok o ok o ok ko ko ok ok KR ok o ok ko o Kok o o ok ok o ke o ok ok ok ok sk o sk o ko sk o
//d4_{2,3}

*g1V={(-1.0/2.0+(2.0%SW2/3.0) ) *cos(theta) -THETA*sin (theta)
*{ (CW2-SW2) /(2. 0xsqrt (CW2*5W2) ) ) -
THETAxsin(theta)*(2.0/3.0) *sqrt (SW2/CW2);
*g1A=(-1.0/2.0) *cos(theta)
~sin(theta) *THETA* ((CW2-SW2) /(2. 0*sqrt (CW2*xSW2)));
//1 do only one change...in the above expression...
break;
case 3:
//D_{1,2}
/7 *giV=(2.0%SW2*cos(theta)/3.0)
// +(sin(theta)*(3.0-5.0%SW2)/3.0*sqrt(3.0-4.0%SW2));
// *glh=CW2+sin(theta)/sqrt(3.0-4.0%SW2);
J /xR ook ok ok @W  aT @k ok ok ok ok ok ok Ak ok ok K koK
*g1V=((2.0%SW2*cos(theta))/3.0)
+sin(theta)*THETA* (sqrt (CW2/SW2)+(2.0%sqrt (SW2/CW2))/3.0);
*g1A=~THETA*sqrt (CW2/SW2) *sin(theta);
break;
case 4:



/74 {3}

// *giV=(~1.0/2.0+(2.0%x8W2)/3.0)*cos(theta)+
//(sqrt(3.0-4.0*SW2)*sin(theta)/6.0);

// *glh=(~1.0/2.0)*(cos(theta)~(sin(theta)/sqrt(3.0-4.0%SW2)});
] 735K ok sk ks ok S 3 ok Sk ok ok K ok ok sk ok ok kK oK

//Now this is d_{1}

g1V (~1.0/2.0+((2.0%5W2) /3.0) )*cos(theta)
~THETA*sin(theta)* ((1.0/(2.0*sqrt (CW2*SW2)))

-(2.0%sqrt (SW2/CW2)/3.0));
*xg1A=(-1.0/2.0)*cos(theta)~THETA* (1.0/(2.0%sqrt (CW2xSW2)) ) *sin(theta);
break;

case b:
//u_{3}
// *glV=cos(theta)*(1.0/2.0~(4.0*8W2)/3.0)+
// ((2.0%8W2+3.0)*sin(theta)/6.0*sqrt(3.0-4.0%SW2});
//*g1A=(1.0/2.0)*cos(theta)+{sin(theta) *(1~2.0%5W2)/sqrt (3.0-4,0%8W2));
//Bow this is u_{1}
*glV=cos(theta)*(1.0/2.0-({4.0x8W2)/3.0))
~gin(theta) *THETA* ({{CW2-8SW2)/ (2.0*sqrt (CW2*SW2)))
+((2.0%sqrt (SW2/CW2))/3.0));
*g14=(1.0/2.0)*cos(theta)~sin{theta)*THETA* ((CW2-SW2) /(2. 0*sqrt (CW2%SW2)) ) ;
break;
case 6:
//U
// *g1V=(4.0/3.0) x(~SW2*cos(theta)
//+({(3.0/2.0)-4.0%SW2)*sin(theta)/sqrt(3.0-4.0%SW2)));
// *glh=-(1.0/3.0)*sqrt (3.0-4.0%5W2)*sin(theta);
[/*%*%xx*xxxthe new form of the expressions*¥x%x
*glV={(~4.0/3.0)*SW2xcos (theta)
~THETA*sin(theta)*(sqrt (CW2/5W2)+ (4. 0*sqrt (SW2/CW2))/3.0);
*g1A=THETA*sin(theta) *sqrt (CW2/SW2) ;
break;
case 7:
/le-_{1,2,3}
// *glV=cos(theta)*(~(1.0/2.0)+2.0*5W2)
// -((sin(theta)*(1.0-4.0%SW2))/2.0*sqrt{3.0-4.0%SW2));
[/ *glA=-(1.0/2.0)*(cos(theta)~(sin(theta) /sqrt(3.0-4.0%8W2)));
//**x%x*x*xthe new leptonsiikk*kx
*glV=cos(theta)* (- (1.0/2.0)+2.0*SW2)
+THETA*sin(theta)*((1.0/(2.0*sqrt (CW2*SW2)))

-2.0%sgrt (SW2/CW2));
*g1A=~(1.0/2.0)*cos(theta) +THETA*(1.0/(2.0%sqrt (CW2*SW2) ) )*sin(theta);
//I do only one change...in the above expression...

break;
case 8:
//v_11,2,3}
// *giv=(1.0/2.0)*(cos(theta)
//+(sin(theta)*(1.0-2.0+SW2)/sqrt(3.0-4.0%8W2)));
// *gli=(1.0/2.0)*(cos(theta)
//+(sin(theta)* (1.0-2.0*SW2)/sqrt(3.0-4.0%8W2)));
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/7 ksokkaokkrkokkkkkthe new nentrinoskkkkkkiok
//v_{1,2,3}
*g1V=(1.0/2.0)*cos{theta)~-sin(theta)*THETA* ((CW2-SW2) /(2. 0%sqrt (CW2*SW2)) ) ;
*g1A=(1.0/2.0) *cos(theta)~sin(theta)*THETA* ((CW2-SW2) /(2. 0%sqrt (CW2*SW2))) ;
break;
case 9:
//80_{1,2,3}
/7 *glV=(—1.0/6.0)*sqrt(3.0“4.0*SW2)*Sin(theta);
//*giA=(~1.0/6.0)*sqrt(3.0-4.0*SW2)*sin(theta);
// xRk kkakkxnxx+the new exotic scalars ‘
//¥0_4{1,2,3}
*g1V=-THETA*sqrt (CW2/SW2) *sin(theta);
*xg1A=-THETA*sqrt (CW2/8W2) xsin(theta);
break;

}

//COMPUTATION OF THE Z DECAY WIDTH
double Gamma(double parameters[],int fermion)

{

double gamZ;

double teta,Mz2;

double glV,glA;

double TREE,BETHA,DELTB,QCD,QED;

ff*****************************************************
//READ DF THE PARAMETERS ARRAY
//*****************************************************
tetasparameters[0];//teta REPRESENT THETA
Mz2=parameters[1];//Mz2 IS THE MASS OF THE NUETRAL BOSON 2
TREE=(((Mz2*Mz2) / (MZ*MZ))-1.0)*sin(teta)*sin(teta);
BETHA=sqrt (1.0~ ((4*MB*MB) / (MZ#MZ)));
DELTB=(1.0/100) % (- ((MT*MT) / (2*MZ*MZ))+(1.0/5));

QCD=1.0;

QED=1,0+(3/(4xM_PI%*127.938));

switch(fermion){
case 0://GAMMA BOTTOM-ANTIBOTOM
ge(teta,2,kglV,&glh);
gamZ= ( (NC*GF*MZ*MZ*MZ) / (6*M_PI*sqrt (2)))* (1+DBLIQUE+TREE) *

(((3*BETHA~BETHA*BETHA*BETHA) /2) *g1V*g1V+BETHA*BETHA*BETHA*g1A*g1A)
(1+DELTB) * (QCD*(QED) ;

break;
case 1://GAMMA CHARM-ANTICHARM
ge(teta,1,&glV,&glh);
gamZ=( (NC*GF*MZ*MZ*MZ) / (6*M_PI*sqrt (2)))*(1+0BLIQUE+TREE) %

((g1V*g1V)+(glA*g1hA) ) «1*(QCD*QED) ;

break;
case 2://GAMMA LEPTON-ANTILEPTON
ge(teta,7,&glV, &glh);



gamZ={ (1*GF*MZ*MZ*MZ) / (6%M_PI*sqrt(2)))* (1+0BLIQUE+TREE)
*((g1lVxglV)+(glA*gla)) *1* (QCD*QED) ;
break;
¥
return gamZ;

}

double DeltaNucleusCharge(double parameters[])
{ double teta,Mz2;
double tree,DQ;
deuble ae,vu,vd,Ae,Vu,V4d;
//These are the g values (Axial y Vectorial) of the Z1 y 22,
//repectively in the Theta Zero Limit.
teta=parameters[0];
Mz2=parameters[1];
tree=(((Mz2xMz2) / (MZ*MZ))~1) *sin(teta)*sin(teta);
//0ur 3-3-1 Model with minmal scalar sector
//Theta Zero Limit of constants of the Z1
//ae=+(1.0/2.0);//3-3~1 Model of Long
ae=-(1.0/2.0);
vu=(1.0/2.0)-(4.0%8W2/3.0);
vd=-(1.0/2.0)+(SW2/3.0);
//Theta Zero Limit of constants of the Z2
//8e=(1.0/2.0)*(1.0/5qrt(3.0~4.0%3W2));
//¥u=-({1.0/2.0)-(4.0%5W2/3.0))*(1.0/sqrt (3.0~4.0%8W2));
//Vd=-((1.0/2.0)~(SW2/3.0))*(1.0/sqrt(3.0-4.0%5W2));
//this is the new constants which were obtained by William Professor
//Theta zero limit which imply Phi zerc limit and Psi zero limit
Ae=-THETA/(2.0*sqrt (SW2xCW2)) ;
Vu=~THETA* (((CW2~SW2) / (2.0*sqrt (SW2*CW2)) )+ (4. O*sqrt (SW2/CW2) /3.0)) ;
Vd=-~THETA*((1.0/(2.0%*sqrt (CH2*5W2) ) ) ~(2.0*sqrt (SW2/CW2))/3.0);
//Delta Q
DQ= ((1+((4*3W2%5W2) /(1.0-2*SW2) ) ) *Z-NN) *tree;
DQ+=16* ((2.0%Z+NN) * (aexVu+hexvu)+(Z+2. 0*xNN) * (ae*Vd+Ae*vd) ) *sin(teta) ;
DQ+=16% ((2.0%Z+NN) *Ae*Vu+ (Z+2. O*NN) *AexVad) * ((MZxMZ) / (Mz2xMz2)) ;
return DQ;

¥
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//THEORETICAL VALUES OF (UANTITIES
double TheoreticalValues(int i,double parameters(])

{
int j;
double theo;
double order[]1=0RDERPARAM;

if(i==order[0]){
//GAMMA BOTTOM-ANTIBOTTOM



¥

theo=Gamma (parameters,0);
}
else if (is=morder[1]){
//GAMMA CHARM~-ANTICHARM
theo=Gamma (parameters,1);
}
else if (i==order[2]){
//GAMMA LEPTONS(WE USED THE UNIVERSALITY-ELECTRON-ANTIELECTRON)
theo=Gamma(parameters,2);
}
else if(i==order[3]1){//CESIO Q
// theo=NucleusCharge(parameters);
//is better DO since is a quantitie of the minor order
theo=DeltaNucleusCharge(parameters);

¥

return theo;

//CHISQUARE COMPUTATION
void ChiSquare(double *chisqg,double parameters[])

{

}

int ij;
double inparam[MAXPARAM];

//CONVERSION OF PARAMETERS TO ITS REAL SCALE
inparam[0]=asin(parameters[0]*SCALE_THETA);
inparam[1]=parameters[1]*SCALE_MZ2;
//inparam{1]=parameters[1]*SCALE_TAU;

*chisg=0;

Tor (i=0;i<NUMBERQUANTITIES;i++){
theo[i]l=TheoreticalValues(i,inparam);
*chisg+=(expvallil-theo[il)*(expvallil~theol[il)/(sigmalil*sigmalil);

}

//TAKE INTO ACCOUNT THAT INSIDE CHISQUARE MASS IS COMPUTED IN GEV
//AND THE VALUE REPORTED MUST BE IN TEV
parameters[1]=inparam{1]/SCALE_MZ2;
//parameters[1]=inparam[1]/SCALE_TAU;

void shemd(int n,...)

{

FILE *scr;
char *opcion;
int i;

va_list vara;



va_start{(vara,n);

scr=fopen{"/tmp/shcmd-diego"”,"a");

for(i=1;i<sn;i++){
opcion=va_arg(vara,char *);
fprintf (scr,"%s",opcion);

3

fprintf{scr,“\n");

fclose(scr);

system("source /tmp/shcmd-diego®™});
system("rm -rf /tmp/shemd-diego™);

}
int countfile(char *file)
{
FILE *cn;
int num;
shemd(3,"wc ~1 ",file," | awk *{print $1}’ > /tmp/count~diego.tmp");

cun=fopen("/tmp/count~diego. tmp", " r");
fscanf (cn, "%d", &num) ;
fclose{en);

shemd(1,"rm -rf /tmp/count-diego.tmp");

return num;

}

//SPECIAL FUNCTION FOR MIGRAD OPTIMIZATION

void OptimizationFunction(int npar, double grad(],
double *fcnval,double xval[],
int iflag, void (*Dummy)())

int i;
FILE *ts;

switch(iflag) {
case 1:
brezak;
case 2:
break;
default:
(*Dummy) (fcnval,xval);
//STORE VALUES IN VERBOSE FILE



ts=fopen("chiverbose.dat","a");

for(i=0;i<NUMPAR;i++) fprintf(ts,"%1f ",xvallil);

for (i=0; i<NUMBERQUANTITIES;i++) fprintf(ts,"%1f ",theol[i]);
fprintf(ts,")1f\n", *xfenval);

fclose(ts);

break;
3
}

//ROUTINE TO FIT PARAMETERS BY CHISQUARE
void FitChiSquare(void (*#funcion){),int npar,double paraml],double deltapl]
,double bl[],double br[],double errorsi])

{

int i;

double cmd_param[MAXPARAM];

double tmp;

int error_flag;

char name[10]:

char *nums[]={"1","2","3", 14", 95v};

char *command;

//ERASE VERBOSE FILES
systen("rm -rf chiverbose.dat");

//INITIALIZE ROUTINE MINUIT
MNINIT(5,8,7);

//SET TITLE OF MINIMIZATION
command="Chi-Square Analysis";
MNSETI (command) ;

//SET PARAMETERS
for(i=0;i<npar;i++){

command="par";

MNPARM(i+1, command,param{i] ,deltap[i],b1[i],br{i],error_flag);
}

//SET SOME CONSTANTS

emd_param[0]=0.5;

command="SET ERRORDEF";
MNEXCHM(OptimizationFunction, command, cmd_param,i,error_flag,funcion);
emd_param[0]=2;

command="8SET STRATEGY";
MNEXCM(OptimizationFunction, command, cmd_param,l,error_flag,funcion);
cmd_param[0]=2;

command="SET PRINTQUT";

MNEXCM(OptimizationFunction,command, cmd_param,i,error_flag,funcion);

//CALL SIMPLEX



command="SIMPLEX";
MNEXCM(OptimizationFunction,command,0,0,error_flag,funcion);
//CALL MIGRAD

command="MIGRAD";
MNEXCM{OptimizationFunction,command,0,0,error_flag,funcion);

//STORE MINIMIZATION SEARCH
system("mv chiverbose.dat minverbose.dat");

//SCAN PARAMETERS INTERMEDIATE
for{i=0;i<npar;i++){
if (deltap[il){
cmd_param[0]=i+1;
cmd_param[1]=40;
cmd_param[2]=bl1[i];
cmd_param[3]=br[i];
command="SCAN";
MNEXCM(OptimizationFunction,command,cnd_param,4,error_flag,funcion);
}
}
command="HESSE" ;
MNEXCM(OptimizationFunction, command,0,0,error_flag,funcion);
//RECALL MIGRAD
command="MIGRAD";
MNEXCM(OptimizationFunction,command,0,0,error_flag,funcion);

//RETURN PARAMETERS RESULT

for(i=0;i<npar;i++){
MNPOUT (i+1,name,param[i], tmp, tmp, tmp,error_flag);
MNERRS (i+1,tmp,tmp,errors[il,tmp) ;

}

//STORE MINIMIZATION SEARCH
system("mv chiverbose.dat minverbose.dat");

//SCAN PARAMETERS
for(i=0;i<npar;i++){
if (deltap[i]){
cmd_param[0]=i+1;
cmd_param{1]=40;
cmd_param[2]=param[i]-deltap[il;
cmd_param([3]=param[i]+deltap[i];
command="SCAN";
MNEXCM(OptimizationFunction, command,cmd_param,4,error_flag,funcion);
//STORE SCAN VERBOSE
shemd (3,"mv chiverbose,dat scanverbose-",nums[i],".dat");
}
}

//CONTOUR



//*

cmd_param[0]=0.5;

command="SET ERRORDEF";

MNEXCM(OptimizationFunction, command,cmd_param,l,error_flag,funcion);
cmd_param[0]=1;cmd_param[1]=2;

command="CONTOUR";

MNEXCM(OptimizationFunction, command,cmd_param,2,error_flag,funcion);
//STORE CONTOUR VERBOSE

system("mv chiverbose.dat contourverbose.dat");

//*/

command=""SHOW FCN";
MNEXCM(OptimizationFunction,command,0,0,error_flag,funcion);
command="SHOW COV";
MNEXCM(OptimizationFunction, command,0,0,error_flag,funcion);
command="SHOW EIG";
MNEXCM(OptimizationFunction,command,0,0,error_flag,funcion);
command="SHOW COR";
MNEXCM(OptimizationFunction, command,0,0,error_flag,funcion);

//PRINT RESULTS
printf ("\n\n");
for (i=0;i<npar;i++){
printf ("parameter %d = %1lf +/- %lf\n",i,param[i],errors[i]);
¥
printf("\n\n");

¥

//PRINTS A DATA FILE USING COLOR LEVEL CODES
//colx,coly,colz DATA COORDINATES (IF COLZ=0 PLOT (COLX,COLY))
void levelplot(char *file,int ndata,int cols,int colx,int coly,
int colz,int colh int qlevel,char *plotfile,int rotz,int rotx,int graphflag)
{

int 1i,j;

int dim;

double hmax,hmin,deltah;

double val; -

FILE *fl,*gp;

char *pl[]l={"plot","splot"};

double xx[MEDDATA],yy[MEDDATA],zz[MEDDATA] ,hh [MEDDATA];

int levels[7]1={3,5,2,7,4,1,6};

int color,cindex;
dim=colz?1:0;//1: 3D, 0:2D
fl=fopen(file,"r");

for(i=0;i<ndata;i++){
for(j=1;j<=cols; j++){



fscanf (£f1,"%1f" ,&val);
if (j==colx) xx[il=val;
if (j==coly) yyl[il=val;
if (j==colz) zz[il=val;
if (j==colh) hh[i]l=val;
}
hmax=1==07hh[i] :MAX(hh[i],hmax);
hmin=i==07hh[i] :MIN(hh[i],hmin);
}
fclose(fl);

gp=fopen(plotfile,"w");
fprintf(gp,"set view %d,%d\nls",rotz,rotx,pl[dim]l);
deltah=6.0/((hmax-hmin)/qlevel);
for(i=0;i<ndata;i++){
cindex=(int) (deltah*(hh[i]-hmin));
color=levels[cindex’7];
fprintf(gp," ’-’ not w 1lp %d",color);
if (i<ndata-1) fprintf(gp,",");
} .
fprintf(gp,"\n");
for(i=0;i<ndata;i++){
fprintf(gp,"41f %1f “,xx[i],yy[il);
if(dim) fprintf(gp,"%1f",zz[i]);
fprintf (gp,"\ne\n");
}
fprintf(gp,"pause -1 \"Press enter to continue...\"");
fclose(gp);
if (graphflag) system("gnuplot level-plot.gpl");



6. Informe financiero

Se adjuntan aqui el informe de ejecucién presupuestal acumulada, con fecha del
25 de Abril de 2005, expedido por la DIME, la carta de la Directora de la DIME
del 23 de Febrero de 2005 en la que me informa de un saldo por ejecutar en el
proyecto de $ 958.343.00, y mi respuesta en la que solicito invertir ese saldo en la
importacién de dos libros.
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ME

DIME-20
Medellin, Febrero 23 de 2005

Profesor ,

LUIS ALBERTO SANCHEZ DUQUE
Facultad de Ciencias

Escuela de Fisica

La Sede

Referencia: Proyecto de Investigacion:  "Modelos de unificacion de interacciones
fundamentales basados en el grupo de simetria SU(3)C X SUHL X U(1)X"

Apreciado Investigador:
Se esta remitiendo el saldo disponible para ei proyecto en mencion.

Por Consejo de Sede se aprob6 pasar solamente los saldos reportados al 30 de noviembre,
superiores a un salario minimo y gravar con el 5% la totalidad de dichos saldos para proveer
de apoyo administrativo financiero para todos ios tramites.

Solicitamos diligenciar los cambios que sean estrictamente necesarios y reporiarlos por
medio de las Coordinaciones de cada facultad, a esta dependencia, hasta el viernes
proximo (25 de febrero) a las 12:00 del dia; debido a que el sistema financiero sélo recibe
modificaciones cada dos meses y esa es la fecha establecida por cronograma y cierre
automatico del sistema. ’

Si no se van a utilizar los recursos pendientes debe notificarse inmediatamente a la
Coordinacién de cada facultad.

Cod. Quipt Rubro Saldo
20101004541 | Remun. Servicios Técnicos 610.548
Materiales y Suministros 167.650
Impresos y Publicaciones 180.145
Valor total 958.343

Cordialmente,

OLGA CECILIA GUZMAN MORALES
Directora DIME
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Medellin, Febrero 24 de 2005

Profesora

OLGA CECILIA GUZMAN MORALES

Directora DIME

Universidad Nacional de Colombia — sede Medellin
La Sede

Apreciada Profesora,

con referencia a los recursos pendientes del proyecto de investigacion “Modelos de unificacion de
interacciones fundamentales basados en el grupo de simetria SU(3)c X SU(3)L X U(1)X", del cual
soy investigador principal, me permito solicitarle cambio de rubro en el sentido que todos esos
recursos ($ 958.343) sean invertidos en la importacién de los libros que listo a continuacuén:

1. Titulo: Strings, Branes and Gravity.
Autor: Theoretical Advanced Study Institute in Elementary Particle Physics, et al.
Pagina web: www.amazon.com
Precio (en ddlares): 134.00

2. Titulo: Unification and Supersymmetry: the frontiers of quark-lepton physics.
Autor: R. N. Mohapatra.
Editorial: Springer-Verlag.
Piagina web: www.amazon.com
Precio (en ddlares): 59.50

Cordialmente,

LUIS ALBERTO SANCHEZ DUQUE
Profesor, Escuela de Fisica

Vo.Bo.
DIEGO MEJIA DUQUE
Vicedecano (E) de Investigaciones
Facultad de Ciencias



http:www.amazon.com
http:www.amazon.com

UNIVERSIDAD NACIONAL DE COLOMBIA SEDE MEDELLIN

Programas Curriculares en Fisica
Facultad de Ciencias
PCF-078

Medellin, junio 10 de 2005

A QUIEN CORRESPONDA:

La Coordinadora de Programas Curriculares de la Escuela de Fisica y de la Maestria en
Fisica, se permite dar constancia que el docente LUIS ALBERTO SANCEHZ DUQUE
adscrito a la Escuela de Fisica, participd como expositor en el seminario permanente de la
Maestria en Fisica.

Conferencia: “La Extension 3-3-1 del modelo estandar de las interaccion

Jundamentales”
Fecha: Viernes 3 de septiembre de 2004
Hora: 10:00 a.m.
Lugar: | Auditorio Samuel Melguizo

Cordialmente,

Clevndio

CLAUDIA GAR iA GARCIA
Coordinadora
Programas Curriculares Escuela de Fisica

1

LauraT.

“30 afios de cultura cientifica”

Autopista Norte Calle 64 x Carrera 65, Apartado 3308 ~Teléfono: 430 98 91 Fax: 260 44 89 Medellin



